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Abstract 
 Life-history plays a key role in determining species distributions and population 
structuring. Many studies evaluate the role of adult characteristics when predicting species 
distribution and population structuring, but very few evaluate the role of early life-history 
which is often the most vulnerable, and therefore limiting, phase of life-history. This thesis 
examines the role of early life-history in distribution and population structuring leading to 
divergence, and potentially speciation, by evaluating short and long term population 
structuring mechanisms, and the role of early life-history alteration in a facultatively 
amphidromous fish. 
 Landlocked populations of Galaxias brevipinnis were found to be genetically 
divergent from diadromous populations, despite no obvious physical barriers to population 
connectivity. On shorter timescales, catchment level meta-populations were formed within 
lakes and along coasts. Larvae were found to be highly rheotactic through lab trials, and 
the majority of larvae were found to be retained within river plumes through larval trawling 
and otolith microchemistry, suggesting a simple behavioural mechanism responsible for 
both the long term isolation leading to divergence and short term meta-population 
structuring patterns seen here. Egg and larval size was larger in diadromous populations 
than in landlocked populations suggesting a potential pathway for the formation of 
landlocked populations and adaptation to local conditions. Despite size differences, 
responses to behavioural cues were similar in both diadromous and landlocked populations 
likely due to retaining a bipartite fluvial-pelagic life-history pattern. A review of 
amphidromous fish shows landlocking and life-history plasticity is common both within 
species and families, suggesting patterns seen here may be applicable across many 
amphidromous fish taxa. Further, the consistent use of pelagic rearing environments 
highlights amphidromy as an obligate benthic-pelagic migration where the various life-
history patterns are a response to landscape centered on rapidly moving larvae to a pelagic 
environment. 
 This thesis shows landlocked populations of an amphidromous fish diverging from 
their diadromous counterparts, due to a simple behavioural response, resulting in 
adaptation of early life-history in a novel environment, allowing fecundity optimization 
and providing the potential for context dependent isolation, adaptation, divergence and 
speciation. 
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1 General introduction 
1.1 How does life-history influence species distributions? 
In order to occupy a given environment, life-history must be correctly adapted at all 
stages (Stearns, 1992). Failure to correctly adapt life-history and develop feedback 
mechanisms allowing adaptation means a self-sustaining population cannot persist. 
Colonization occurs when an organism moves into a new habitat, successfully adapts all 
life-history stages and establishes positive feedback mechanisms in a novel environment 
allowing population establishment (With, 2002). Some organisms are particularly adept at 
colonization resulting in broad distributions (Pulliam, 2000; McDowall, 2010). 
Understanding which characteristics allow these species to adapt to new environments and 
the drivers of distribution are particularly important as landscapes are routinely being 
changed (Alphan, 2017). If these are understood, it may be possible to predict niches, and 
therefore species distributions, across the landscape (Winemiller et al., 2015). More 
importantly, if distributions and colonizing characteristics are understood, changes to 
species distributions in response to landscape and climate changes can be predicted.  
1.2 What is the role of migration in species distribution? 
Migrations play a key role in colonization, genetic connectivity and life-history 
adaptation. Migrations, or movements to and from an environment, are a common 
syndrome throughout the animal kingdom (Lack, 1968; Dingle and Drake, 2007). While 
migration has many forms and drivers, migrations allow organisms to move one or more 
life-history stages to a more suitable, or advantageous, environment accruing benefits such 
as faster growth and higher reproductive output (Alerstam et al., 2003). Thus, by utilizing 
migration, organisms can occupy environments which are not ideal for all life-history 
stages by using behavioural, as opposed to genetic changes (Dingle and Drake, 2007).  
2 
 
In order for migratory life-histories to develop, initial proximal cues must result in 
movement away from the current environment and benefits accrued must out weight those 
imposed by the migration (Dingle and Drake, 2007). While proximal cues which result in 
movement are not always understood (Alerstam et al., 2003), fitness benefits ensure 
migratory life-histories dominate (Dingle and Drake, 2007; Dodson et al., 2013). When 
costs of migrating outweigh benefits, and thus a fitness cost, non-migratory life-histories 
are favored and developed. When benefits of migration equal costs, partial migration, 
where a single population exhibits both resident and migratory life-histories, occurs 
(Chapman et al., 2012a; Dodson et al., 2013). Costs vary with each migration, but relate to 
energy expenditure and risks during migration (Alerstam et al., 2003). 
Migrations also play a key role evolutionarily, allowing colonization of remote 
locations and maintenance of genetic connectivity across large spatial scales which would 
otherwise result in isolation (Cowen et al., 2000; Dingle and Drake, 2007; McDowall, 
2007). Due to the behavioural nature of migrations (Conrad et al., 2011), these relatively 
predictable pathways always maintain the potential for random dispersal resulting in 
animals moving between populations or into novel environments providing the context for 
both long term population connectivity and colonization. However, migratory pathways 
can also change, or cease, as a result of changes to the proximal cue causing the migration 
(Dodson et al., 2013). Thus, new migratory pathways to previously unoccupied locations 
can be formed. However, migratory pathways providing connectivity can also fragment, 
resulting in isolation, genetic drift, divergence and potentially species radiation. 
1.3 How do populations become isolated? 
Isolation occurs across various spatial and temporal scales (Slobodkin, 1980). Long 
term isolation occurs when populations lose genetic connectivity allowing genetic drift and 
divergence to occur whereas short term isolation occurs when immigration from other 
populations is limited, creating ecologically distinct populations which maintain some 
genetic connectivity (Slobodkin, 1980; Dunning et al., 1992; Kekkonen et al., 2011). 
However, genetic changes can also occur over short timescales when selection pressures 
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are strong, emphasizing the importance of evaluating short and long term isolation when 
determining population structuring (Carroll et al., 2007; Fussmann et al., 2007). Further, 
populations often become isolated despite small spatial scales where seemingly no barrier 
to connectivity exists (Booth et al., 2009). Thus, studies which investigate potential 
mechanisms resulting in loss of connectivity, as well as multiple temporal scales are 
essential (Levin, 1992).  
1.4 Behaviour as an isolation mechanism 
As migrations are often responsible for maintaining population connectivity, 
behavioural responses provide a mechanism which can result in connectivity fragmentation 
leading to variable levels of isolation across temporal scales (Levin, 1992). When proximal 
cues favoring movements shift and favour local retention, behaviours previously providing 
connectivity now favour isolation resulting in ecologically distinct populations (Dodson et 
al., 2013). If these cues occur during the primary life-history stage of connectivity, and 
remain stable overtime, these now isolated populations may persist and develop degrees of 
genetic divergence from their source population.  
1.5 Life-history adaptation 
When populations become isolated, either through behaviour or a physical barrier, 
local adaptation occurs. Life-history theory states that over time traits will be optimized to 
maximize fitness in a given environment (Stearns, 1992). This can occur through 
phenotypic plasticity, or the ability to exhibit different phenotypes without genotypic 
alternation, and through longer term natural selection resulting in genotypic alteration 
(Pigliucci et al., 2006; Crispo, 2007). This alteration is expected to occur during 
particularly vulnerable stages of life-history to optimize the tradeoff between likelihood of 
maternal investment and offspring survival (Stearns, 1992); the same vulnerable stages 
which likely limit species distributions.  
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In fishes, adult life-history stages are generally tolerant of a wider range of 
environmental condition than their early life history stages. Adult fish often have broad 
feeding (Gerking, 2014), habitat (Dodson et al., 2013) and temperature (Sullivan, 1986) 
ranges, allowing survival in new or changing environments. However, fish larvae are tiny, 
minimally allocated, have small gapes and operate on a metabolic knife edge (Winemiller 
and Rose, 1993). Challenges including starvation (Iguchi and Mizuno, 1999), barotrauma 
(Boys et al., 2016), predation (Kingsford et al., 2002), dispersal (Green et al., 2015) and 
others (Chambers and Trippel, 1997), cause population bottlenecks (Hjort, 1914). Fish 
larvae must therefore be appropriately adapted to match the rearing environment in which 
they must grow (Stearns, 1992). Harsh rearing environments, such as high altitude low 
productivity streams, demand larger more robust larvae whereas pelagic environments with 
their abundant small prey items allow smaller, less robust larvae (Stearns, 1992; Chambers 
and Trippel, 1997). Fish larvae are limited in their capacity to adapt to a given rearing 
environment due to their small size and an inability to alter endogenous provisioning, often 
creating a disconnect between proximal cues, such as hunger, and the ultimate adaptations 
such as a larger gape size or more endogenous provisioning. 
 While fish larvae have limited capacity to adapt, early life-history stages can be 
altered to match rearing environment through adjustment of maternal provisioning, 
although this involves an egg-size fecundity tradeoff. The egg-size fecundity tradeoff 
(Winemiller and Rose, 1992) is a classic life-history trade off where female fish can alter 
egg-size but only at a cost to her fecundity. A single female can have many small eggs or 
fewer, but larger, eggs within a size range constrained by genetics and body size 
(Winemiller and Rose, 1992; Closs et al., 2013). Thus, in harsh environments, fish alter 
egg-size towards fewer and large eggs allowing larvae to survive (Stearns, 1992; Einum 
and Fleming, 2004). This tradeoff can be altered through longer term genetic selection 
occurring over multiple generations or through shorter term plastic processes which relate 
to the mother’s larval experience as well as food availability and condition of the mother 
during spawning time (Jonsson and Jonsson, 2014; Jonsson et al., 2014).  
 As well as being a particularly vulnerable life-history stage which requires precise 
adaptation to expected conditions, the larval stage of many fishes plays a key role 
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evolutionarily (Cowen et al., 2000; Strathmann et al., 2002). In fish which have a benthic 
adult and a pelagic larval phase, the larval phase represents the stage at which these species 
disperse, colonize new environments and maintain genetic connectivity among distant 
populations (Strathmann et al., 2002). Pelagic habitats represent a potentially contiguous 
environment connecting populations and providing the potential for dispersal, maintenance 
of genetic connectivity, and colonization of novel environments. However, the pelagic 
larval phase coincides with the most vulnerable period of life-history potentially limiting 
the distance larvae can disperse. As a result, the understanding the larval stage plays a key 
role understanding in colonization, genetic connectivity, isolation and ultimately species 
distributions. 
1.6 Amphidromy 
Amphidromous fishes represent an ideal opportunity to investigate the role of early 
life-history mechanisms in colonization, isolation and subsequent adaptation due to their 
stream resident adult stage, potentially dispersive pelagic stage, known vulnerable period, 
ability to colonize new environments, and diversity (Closs and Warburton, 2016; 
Augspurger et al., 2017). Amphidromy (Myers, 1949) is typically a diadromous 
(freshwater-saltwater) migration characterized by a fluvial adult spawning in freshwater 
and larvae drifting downstream to the ocean before returning to fluvial habitats as juveniles 
for further growth and maturation (Figure 1.1) (McDowall, 2007). The ability of 
amphidromous fishes to disperse during the pelagic phase and colonize new environments 
is reflected in their broad distributions often occurring on remote islands (McDowall, 2007; 
McDowall, 2010). While many species maintain genetic connectivity between these remote 
locations (McDowall, 2003; McDowall, 2007; Huey et al., 2014), other species of 
amphidromous fish have populations that exhibit context-dependent degrees of isolation on 
short (Sorensen and Hobson, 2005; Hogan et al., 2014), and long timescales (Hughes et al., 
2014). Further, amphidromous fishes also commonly form landlocked populations from 
which non-migratory, fluvial rearing, species-complexes often evolve (Waters et al., 2010; 
Yamasaki et al., 2015; Goto et al., 2015). As a result, amphidromous fishes are likely to 
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show successful colonization, subsequent adaptation and context-dependent isolation 
across differing spatial and temporal scales.  
 
Figure 1.1: Amphidromous lifecycle where species spawn in freshwater, larvae drift 
downstream to oceanic or pelagic environments where they remain for a period of months 
before returning to freshwater streams.  
1.7 Study species 
Galaxias brevipinnis is an amphidromous fish with a wide distribution (Figure, 1.2), 
propensity for forming both landlocked and diadromous populations (McDowall, 1990), 
and a close phylogenetic relationship to a non-migratory species complex (Waters et al., 
2010; Burridge et al., 2012). Galaxias. brevipinnis is distributed throughout both coastal 
areas and inland lakes on New Zealand’s North and South Island as well as nearby 
locations such as the Chatham Island and Stewart Island (McDowall, 1990). On the South 
Island of New Zealand, G. brevipinnis is closely related to a group of non-migratory 
galaxiid species that radiated from a landlocked population of a common amphidromous 
ancestor (Waters et al., 2010; Burridge et al., 2012). As a result, landlocked populations of 





Figure 1.2: Distribution of Galaxias brevipinnis in New Zealand. Sourced from the New 
Zealand fish database (NIWA, 2014). 
While largely understudied, landlocked populations of G. brevipinnis have a number 
of characteristics which suggest they may provide insights into the initial colonization, 
isolation, adaptation and subsequent radiation of the non-migratory Galaxias vulgaris 
species-complex (Hicks, 2012). Landlocked populations occur at extensive distances 
inland and as such, are subject to different climactic regimes, likely requiring different 
early life-history traits. Due to the extensive inland distribution, short and potentially long 
term disconnections between diadromous and landlocked stocks are likely to occur. Even 
when landlocked systems occur in close proximity to coastal sites, diadromous individuals 
are rarely found above lakes, landlocked individuals are rarely found below and larvae 
have been shown to rarely drift out of lakes (Hicks, 2012). This suggests a retention 
mechanism stopping larvae from drifting out of lakes creating potential for long term 
isolation and local adaptation of landlocked populations. Understanding mechanisms and 
adaptations which allow G. brevipinnis to form landlocked populations would provide 
insight into how amphidromous fish successfully colonize new environments and 
conditions which may allow speciation of non-migratory descendants from landlocked 
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populations as well as insight into drivers of amphidromy and population dynamics  of 
diadromous fishes.  
1.8 Thesis aim 
The aim of this thesis is to examine traits and the level of population connectivity in 
landlocked and diadromous populations of Galaxias brevipinnis across various temporal 
and spatial scales thereby contributing to an understanding of the possible mechanisms 
allowing landlocked populations to form, isolate, adapt and genetically diverge. 
1.9 Thesis structure 
1. The second chapter of this thesis examines connectivity between diadromous and 
landlocked populations of Galaxias brevipinnis across various temporal and spatial scales 
to determine patterns and degree of isolation, and evaluate the potential for genetic 
divergence.  
2. The third chapter of this thesis compares early life-history traits of landlocked and 
diadromous populations, to determine if early life-history characteristics have been altered 
in landlocked populations. Spawning time and oocyte size/fecundity are compared to 
determine if landlocked populations show evidence of local adaptation. 
3. The fourth chapter of this thesis compares larval characteristics of diadromous and 
landlocked populations to determine the ecological significance of the findings in Chapter 
Three. Characteristics, such as morphology and swimming speed, are assessed to determine 
the ecological relevance of egg-size changes while general response to directional cues is 
assessed to determine if larvae retain similar behaviour response to cues which may help 
them return to fluvial environments. 
4. The fifth chapter is a review of life-history plasticity in amphidromous fish. This 
chapter determines the prevalence of landlocking and other life-history strategies across a 
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broad range of amphidromous taxa, drawing links with landscape and other groups of 
migratory fish.  
5. The sixth and concluding chapter of this thesis evaluates mechanisms and 
adaptations found here in context of life-history plasticity found in chapter five.
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2 Landscape biogeography and population structuring 
of a facultatively amphidromous fish 
2.1 Summary 
Processes and mechanisms responsible for population structuring across various 
spatial and temporal scales represent a key component in understanding population 
dynamics as well as evolution. This chapter uses a hierarchical approach to investigate the 
degree and mechanisms of population structuring in landlocked and diadromous 
populations of G. brevipinnis across various temporal and spatial scales. To determine long 
term population structuring, multiple lakes and coastal sites were sampled and genetically 
compared. Short term population structuring was assessed using otolith microchemical 
analysis within a subsample of the genetic sites and behavioural mechanisms were 
determined by assessing larval distributions. Genetic results show that lakes provide an 
isolating mechanism allowing genetic divergence of lake populations from each other and 
from coastal populations, whereas within coast or lake populations show relatively little 
structuring. However, on short timescales, based on otolith analyses, within lake and coast 
populations show a distinct meta-population structure on a catchment basis, suggesting 
most larvae do not widely disperse. Larval sampling shows that most larvae are distributed 
in river plumes, suggesting that a simple larval behaviour mechanism such as orienting into 
current may result in catchment, and lake, larval retention. However, not all larvae were 
retained in plumes creating opportunities for exchange within lake or along coastal sites. 
Genetic divergence of lake populations as a result of landscape and behaviour provides an 
insight into the potential of G. brevipinnis to diversify, and potentially speciate, when 
landscape and circumstances align.  
2.2 Introduction 
 Processes responsible for population structuring of widely distributed species 
represent keys to understanding population dynamics, isolation, and potentially speciation. 
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Isolation can occur on long timescales where populations genetically diverge through 
genetic drift or on shorter timescales when immigration is rare enough to form distinct 
ecological populations but common enough to maintain longer term genetic connectivity 
(Slobodkin, 1980; Dunning et al., 1992; Kekkonen et al., 2011). Further, genetic shifts may 
occur through strong selection pressure occurring over relatively short timescales (Carroll 
et al., 2007; Fussmann et al., 2007), despite populations being ecologically connected 
(Moody et al., 2015). As a result, it is often difficult to determine the degree and timescale 
at which populations are structured (Levin, 1992; Fussmann et al., 2007). Therefore, 
evaluating both short and longer term population structuring is key in determining both 
ecological and evolutionary dynamics. To determine why population structuring occurs 
and differs on various levels, mechanisms also need to be examined (Levin, 1992).  
 Behavioural mechanisms have the potential to interact with landscape and generate 
context-dependent patterns of structure and isolation across various temporal scales. 
Behaviours such as migration and the resulting dispersal (Cowen et al., 2000; Dingle and 
Drake, 2007) can maintain population connectivity across various temporal scales (Pinsky 
et al., 2017). As a result, if migratory pathways fragment and behavioural mechanisms 
favour local retention as opposed to connectivity, populations may become isolated (Booth 
et al., 2009; Hughes et al., 2014). Understanding behavioural structuring mechanisms is 
essential in instances where genetic change occurs on short timescales, and in 
circumstances where structured populations form despite no apparent barriers or 
structuring mechanisms (Levin, 1992). 
 Amphidromous fishes provide an ideal system to investigate behavioural 
mechanisms leading to population structuring across timescales due to stream resident 
adults and a potentially dispersive marine pelagic larval phase (McDowall, 2007; 
Augspurger et al., 2017). Many species disperse during the larval phase and maintain 
connectivity across broad geographic distributions (McDowall, 2003; McDowall, 2007). In 
contrast, other species resist dispersal, resulting in varying degrees of population 
structuring across short (Sorensen and Hobson, 2005; Hogan et al., 2014) and even long 
timescales (Hughes et al., 2014) despite no obvious barriers preventing connectivity. 
Amphidromous fishes also often form landlocked populations (Augspurger et al., 2017), 
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providing further potential for short and long term structuring as lakes can provide an 
opportunity for the isolation of populations (Gouskov and Vorburger, 2016). These 
landlocked populations of amphidromous fish are known to genetically diverge, and 
subsequently radiate into non-migratory forms and species complexes (Burridge et al., 
2012; Yamasaki et al., 2015; Goto et al., 2015). However, in many cases, landlocked 
populations seemingly have the capacity to maintain connectivity with diadromous 
populations (Goto and Arai, 2003; Hicks, 2012). As such, behavioural mechanisms during 
the larval pelagic phase, such as orienting into current, may play a role in determining 
connectivity across both short and long term timescales.  
 Here I investigate patterns of hierarchical population structuring across spatial and 
temporal scales, and the possible role of behaviour in generating population structuring. I 
use genetic analyses to determine population structure across long timescales, analysis of 
otolith trace element signatures to evaluate population connectivity over short timescales, 
and larval trawling to determine larval distribution as a result of behaviour. I hypothesize 
that population structuring will interact with landscape, where on long timescales (1) 
coastal populations will show genetic homogeneity resembling those of other 
amphidromous fishes, while (2) landlocked populations will show increased genetic 
structuring compared to coastal sites. On short timescales, I hypothesize that (3) landlocked 
and diadromous populations rear within their respective systems (e.g. lake or ocean), and 
(4) otolith trace element signatures will reflect catchment level meta-populations within 
lakes and along coastlines on shorter term timescales, forming ecological populations that 
are isolated to varying degrees despite some level of genetic exchange. Finally, I 
hypothesize that (5) larval distribution, as a result of behaviour, will provide mechanisms 
for both long and short term population structuring.  
2.3 Methods 
2.3.1 Study species 
 To assess patterns of population structuring across a broad range of spatial and 
temporal scales, I used Galaxias brevipinnis due to its widespread but somewhat disjunct 
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distribution, and its capacity for forming both diadromous and landlocked populations 
(McDowall, 1990). Further, G. brevipinnis is the closest amphidromous relative of the non-
diadromous G. vulgaris species complex, which most likely diverged from a common 
landlocked amphidromous ancestor (Waters et al., 2010; Burridge et al., 2012) and 
subsequently radiated in association with geologic uplift events (Craw et al., 2016). Thus, 
any genetic divergence of landlocked G. brevipinnis may have important phylogenetic 
implications. Landlocked populations of G. brevipinnis are also potentially isolated from 
diadromous populations as their larvae rear in lakes but do not appear to drift downstream 
out of lakes. This may be due to their strong rheotaxic behaviour from hatch (Hicks, 2012), 
which may limit dispersal from their pelagic rearing environment. Further, diadromous 
adults are rarely found upstream of lakes despite the absence of any obvious in-stream 
barriers blocking access, again possibly due to the lack of a rheotaxic cue to enable larvae 
to navigate through large pelagic environments (Hicks, 2012). Thus, populations of G. 
brevipinnis may potentially exhibit context-dependent degrees of population isolation and 
genetic structuring, creating an ideal opportunity to examine the importance and interaction 
of behaviour and landscape on population connectivity across temporal and spatial 
timescales. 
2.3.2 Sites, sampling design and method selection 
 As I address both short and long timescales, as well as behavioural mechanisms, a 
variety of methods and spatial scales of sampling were utilized. I used a hierarchical 
approach using genetic methods to assess patterns generated over long term timescales, and 




Genetic structuring was evaluated among and within lakes and across diadromous 
populations, where pairwise comparisons between lake-different lake as well as lake-
diadromous population were expected to show the highest levels of structuring (Figure 
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2.1). Open coastal and river catchments with lakes were selected along an approximately 
450km North-South range of New Zealand’s West Coast. Six lakes in four West Coast 
river catchments (Buller River - Lakes Rotoiti, Matiri, Rotoroa; Grey River - Lake 
Cristabel; Paringa River - Lake Paringa; Moeraki River - Lake Moeraki) were selected 
based on varying proximity to coast ranging from only a few kilometers for Paringa and 
Moeraki to a substantial distance inland for the others (>80km). To determine the main 
structuring mechanism, lakes were paired with downstream diadromous sites selected as 
close as possible to the lakes as well as open coastal diadromous sites located in 
catchments lacking lakes (n=16 coastal sites total, Figure 2.1). To add a further level of 
potential isolation, two East Coast catchment lakes were selected (Lakes Wanaka and 
Wakatipu) located approximately 300 km from the coast and upstream of two large 
hydroelectric dams (although both  <80 years old) that create impermeable barriers to 
migration from coastal populations. However, there is no impermeable barrier to migration 
between Wanaka and Wakatipu (total 8 lakes and 16 coastal sites, Figure 2.1). Potential 
within lake structuring was assessed in Lakes Wanaka and Wakatipu due to their large size 
(lake area > 170 km2), depth (max depth >300m) and multiple spatially segregated 
inflowing rivers. To conduct within lake comparisons, five tributaries spanning the length 
of both lakes were selected which were also used to test connectivity across shorter 




Figure 2.1: Map of sampling sites for genetics analyses, including within lake sites in 
Wanaka and Wakatipu (panels B and C), and otolith trace element sites where a-priori 
groups are represented by symbols (circle triangle and square). Within lake trawling sites 






 To determine short term population structure, and allow comparisons with genetic 
results, within lake and coast patterns were evaluated by examining otolith trace element 
signatures from returning juveniles sampled from a subset of sites used in the genetics 
study. Otolith trace element signatures provide a measure of potential mixing or separation 
of stocks from a given tributary (Campana, 1999). As returning juveniles are all from the 
same cohort, and otolith trace element signatures are influenced by a large number of 
factors (Elsdon and Gillanders, 2005; Jaecks et al., 2016; Grammer et al., 2017; Thomas et 
al., 2017), the observation of a similar otolith trace element signature in all juveniles from a 
given stream suggests recruitment from a single larval pool (Campana, 1999), most likely 
indicating restricted dispersal from the natal stream. Wide variation in otolith trace element 
signatures in juvenile trace element signatures suggests larval recruitment from a diverse 
range of sources (Gillanders, 2005). Therefore, comparison of trace element signatures in 
larvae collected from different streams can indicate whether larvae reared in one common 
pool or many (Campana, 1999; Gillanders, 2005; Grammer et al., 2017; Carlson et al., 
2017). However, as water chemistry is influenced by geology, regions with similar 
geologies may be difficult to distinguish. To align with the genetic portion of the study the 
five tributaries of lakes Wanaka and Wakatipu used in the genetics portion of this study 
were again selected as sampling sites for otolith trace element analyses. Due to logistic and 
financial constraints, only five coastal tributaries (Region one: Breccia, Grave, Region two: 
13 mile, Kararoa, Region three, Fox River) were selected from the 16 sites used in the 
genetics portion of this study. These tributaries were selected to have similar catchment 
size to the tributaries selected within Wanaka and Wakatipu, and to span as much of the 
North-South range as possible (Figure 2.1). 
 
Trawling 
 To determine the potential influence of larval behaviour on population structuring 
across temporal scales, larval distributions within lakes Wanaka and Wakatipu were 
sampled. Larvae are known to diel migrate to the surface at night (Taylor et al., 2002), and 
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so lakes provide a logistically tractable environment in which to trawl for larvae in a river 
mouth at night, compared to the logistically challenging and risky environment of river 
mouths exposed to the open ocean. Larval habitat use in the lakes was assessed in three 
habitats: river plumes, nearshore and offshore. River plumes sites were located near river 
mouths in the turbid water outflowing from four tributaries including the two largest 
tributaries (Wakatipu-Reese, Dart; Wanaka- Makarora, Matukituki) and two smaller 
tributaries (Wakatipu-Greenstone, Buckler Burn; Wanaka-Albert Burn, Boundary Creek) 
to each lake. Nearshore sites were located <30m from the shoreline and over 100m from 
other tributaries. Offshore sites were >200m from the shore. Sampling was conducted in a 
hierarchical design where each tributary was sampled as a set of plume, nearshore and 
offshore sites (Figure 2.1).  
2.3.3 Genetic techniques and analysis 
To collect fish for genetic analyses, up to 30 adult fish were captured at each 
coastal and lake tributary site, anesthetized, and a portion of the caudal fin removed then 
preserved in ethanol before releasing fish. Genomic DNA was isolated from fin clips 
following a modification of Casquet et al., (2012), using 300µl 5% chelex in 1.5ml tubes, 
40µg Proteinase K, and a final 90°C heating step for 10 minutes. Microsatellite genotyping 
was performed using eight primer sets developed for Galaxias brevipinnis (see Appendix 
2.6) and two loci developed for G. vulgaris (Waters et al., 1999) which also apply to G. 
brevipinnis, thus ten loci in total. Loci were genotyped in multiplex groups (Gbr02, Gbr10, 
Gbr16 with 6-FAM; GVU05, GVU07, Gbr12 with VIC; Gbr09, Gbr13 Gbr22 with NED; 
Gbr07, Gbr14 and Gbr21 with PET) following Schuelke (2000) with modifications 
described in Townsend et al., (2012). Genotypes were scored using GeneMapper V4.1 
(ThermoFisher). 
Genetic diversity estimates Ho, He, and FIS were calculated for each sampled stream 
population using the Genealex excel add on (Peakall and Smouse, 2006). Hardy-Weinberg 
equilibrium was tested in Genealex, and Bonferroni corrections were applied (Sham and 
Purcell, 2014). Allelic richness, corrected for sample size, was calculated in R version 
3.2.0 (R Core Team, 2015) using the package PopGenReport (Gruber and Adamack, 
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2015). Population genetic structuring was determined by pairwise Hedrick’s G´ST (Hedrick, 
2005), with values obtained using the R package Poppr (Kamvar et al., 2014). To evaluate 
potential isolation by distance, pairwise G´ST was scatter plotted against pairwise distance, 
measured by water way connection, for each category of pairwise comparison (e.g. lake-
lake, lake-coast, coast-coast). Interpretation of genetic results was aided by Bayesian 
clustering data from the program STRUCTURE 2.3. Twenty replicates of a model with a 
burn in period of 200,000 iterations and run time of 300,000 iterations were run for all 
numbers of populations K from 1-24.  
2.3.4 Otolith micro-chemistry techniques and analyses 
To collect fish for otolith analyses, ten returning juveniles from each coastal and 
lake tributary were sampled and preserved in 90% ethanol. Sagittal otoliths were then 
retrieved in the laboratory. Otolith surfaces were cleaned by sonication in ultra-pure water 
for 30 seconds, allowed to air dry, and then mounted on a slide covered with double sided 
sticky tape (Warburton et al., 2016). Larval otolith trace element signatures were obtained 
by depth profiling laser ablation inductively coupled mass spectrometry (LA-ICP-MS) as 
described in Warburton et al. (2016). Depth profiling was completed at the University of 
Otago Centre for Trace Element Analysis on an Agilent 7500cs ICP-MS coupled to a 
Resonetics (now ASI)155 RESOlution M-50 laser ablation system powered by a Coherent 
193 nm ArF excimer laser. During depth profiling, the laser drills through the otolith 
obtaining a trace of the life-history from otolith surface through the core or natal region. To 
ablate otoliths, and minimize possible down hole effects, a 75 µm spot size was used (see 
(Warburton et al., 2016) at a firing rate of 10 Hz tuned to capture an 11 element suite (Ca, 
Ba, Sr, Rb, Mn, Li, Cu, Ni, B, Mg, Al) for an ablation time of 90 seconds with a sample 
fluence of 2.5 ± 0.1 J/cm2. Condensation and contamination were minimized by 
completing ablations in a chamber containing helium gas. Possible machine drift was 
accounted for by taking a 20 second gas blank at the start of each ablation, and standards 
(NIST 610, NIST 612, MACS-3) were run bracketing every 10 samples. Standard values 
for NIST were obtained from Jochum et al., (2011) and the standard value for MACS-3 
was obtained from Chen et al., (2011). The chance of hitting otolith cores was maximized 
by mounting slides in a sampling cell and using a 400x video microscope to view otoliths. 
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Data was processed using the Trace_Elements and Trace_Elements_IS data 
reduction schemes in IOLITE version 2.5 (Paton et al., 2011), with 43Ca set as the internal 
standard, resulting in elemental data expressed as a molar ratio of mols element/mols Ca. 
NIST 610 was set as the calibration standard, while NIST 612 (Jochum et al., 2011) and 
MACS-3 (Chen et al., 2011) were used as reference materials. To interpret otolith 
signatures, the otolith core was identified by a spike in Mn (Ruttenberg et al., 2005), and 
the 7-10 µm of drilling depth before this spike was selected as larval rearing period as 
indicated by traces (see Appendix 2.6). Marine vs. lake rearing was determined by 
interpreting patterns in barium and strontium where high strontium and low barium are 
characteristic of marine rearing, and the opposite is generally true in freshwater (Campana, 
1999, Warburton et al., 2016).  
Statistical methods similar to Hogan et al., (2014) were used to determine 
population structuring. To determine if a linear discriminant function analysis (LDA) could 
be used for evidence of population structure in otolith signatures, boxplots for each element 
were used to determine which elements were most likely to show variation. A six element 
suite (Sr, Ba, Rb, Mg, Cu, Ni) was selected based on these box plots and likelihood of 
element stability in the otolith (see Campana et al., 1999). An LDA was then run using a 
six element suite (Sr, Ba, Rb, Mg, Cu, Ni) to examine clustering of otolith micro-chemical 
signatures which would indicate discrete larval rearing pools. To determine the geographic 
scale on which population structuring occurred, an LDA using a six element suite (Sr, Ba, 
Rb, Mg, Cu, Ni) was first run on a system level (e.g. all sites grouped by lake and coast), 
and if resulting in a cluster for each lake and the coast, LDA’s were then run within each 
lake or coastal region by site using the same a six element suite (Sr, Ba, Rb, Mg, Cu, Ni) to 
determine within-system population structure. 
2.3.5 Larval trawling techniques and analyses 
To assess larval distribution within lakes, larval trawls were conducted 9-16th 
January 2016, aligning with the September through November spawning period of land-
locked G. brevipinnis (McDowall, 1990). This time period would ensure both newly 
hatched larvae are present as well as older cohorts providing insight into where larvae stay 
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post drift.  Night time trawls were conducted given that nocturnal migrations of larvae into 
surface waters commonly occur (Taylor et al., 2000). Larvae were sampled using an 
icthyoplankton tow net (125x50cm , 250 µm mesh) with a flow meter (Ocean Test 
Equipment, Inc.; www.oceantestequip.com) mounted in the mouth of the trawl, and was 
towed for four minutes at a speed of approximately 4 km/hr. To remain in river plumes, 
plumes were trawled in circles opposed to straight transects. To preserve larvae, the trawl 
contents were immediately placed in 5% formalin. In the laboratory, larvae were removed 
from organic and inorganic material, and identified to species. To confirm species 
identification, a subsample of larvae were preserved in 90% ethanol in the field, and their 
identity genetically confirmed (n = 10 larvae per trawl). Only two species of larvae, G. 
brevipinnis and Gobiomorphus cotidianus, with distinctive morphologies were likely to be 
encountered in these lakes, and thus larval keys were not needed. The density of larvae was 
determined by dividing total number of larvae of each species by volume of water sampled 
to yield a standardized estimate of the number of larvae per cubic meter of water. 
A G-test was used to assess differences in larval distribution differences across off-
shore, near shore and tributary habitats of each tributary. A one-tailed G-test was employed 
as larval densities are predicted to be higher in plumes than other sampling locations. 
2.4 Results 
2.4.1 Genetics 
Basic genetic diversity of all populations (K = 24) is shown in Table 2.1. All loci 
were highly polymorphic, ranging from 21 alleles at Gbr-12 to 32 at Gvu-05. Population 
mean Ho ranged from 0.58 to 0.77 (mean 0.69) and He from 0.56 to 0.80 (mean 0.73; Table 
2.1). Allelic richness tended to be lower in lake rearing populations, ranging from 3.24 in 
Lake Cristabel to 4.6 in Lake Wanaka, while coastal populations ranged from 4.3 to 5.5. 
Hardy-Weinberg disequilibrium was found in 49 out of 240 locus population combinations 
before stepwise Bonferroni correction, with only 17 of 240 remaining out of equilibrium 
after stepwise Bonferroni corrections (p < 0.0002). No locus was affected by null alleles in 
all samples and populations, and thus all loci were used in my study.  
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Table 2.1: Basic genetic descriptive statistics including mean heterozygosity (Ho), expected heterozygosity (He), inbreeding coefficient 
(FIS), and mean allelic richness corrected for sample size for all sites used in genetic analyses. Sites are grouped by catchment with 
landlocked and coastal populations which are likely to be diadromous. 










Wakatipu (Landlocked) Lake 
Wakatipu 
102 0.71 0.72 0.02 4.41 
Wanaka (Landlocked) Lake Wanaka 87 0.74 0.76 0.02 4.6 
Buller River (Landlocked) Lake Matiri 15 0.62 0.62 -0.01 3.47 
Buller River (Landlocked) Lake Rotoroa 23 0.66 0.64 -0.03 3.66 
Buller River (Landlocked) Lake Rotoiti 20 0.63 0.66 0.05 3.91 
Buller River (Diadromous) Batty Creek 14 0.58 0.57 -0.03 4.95 
Buller River (Diadromous) Nine Mile 
Creek 
7 0.61 0.73 0.19 5.05 
Buller River (Diadromous) Ten Mile 
Creek 
11 0.69 0.77 0.1 4.32 
Grey River (Landlocked) Lake Cristabel 15 0.71 0.75 0.06 3.24 
Grey River (Diadromous) Smoke Ho 
Creek 
20 0.63 0.7 0.11 4.59 
Grey River (Diadromous) Stony Creek 20 0.7 0.79 0.12 4.94 
Paringa River (Landlocked) Panel Creek 15 0.73 0.75 0.02 3.62 
Paringa River (Diadromous) Potters Creek 22 0.72 0.78 0.07 4.9 
Moeraki River (Landlocked) Mim Creek 15 0.77 0.68 -0.12 4.2 
Moeraki River (Diadromous) Venture Creek 20 0.59 0.63 0.06 5.29 
Moeraki River (Diadromous) Monroe's 
Creek 
17 0.71 0.75 0.06 5.16 
Mahitahi (Diadromous) Flagstaff 
Creek 
21 0.65 0.75 0.16 5.02 




Cascade River (Diadromous) Martyr 
Tributary 
20 0.74 0.78 0.06 5.2 
Northern Coast (Diadromous) Fox River 7 0.71 0.73 0.03 4.61 
Northern Coast (Diadromous) Kararoa 7 0.66 0.76 0.15 4.92 
Northern Coast (Diadromous) 13mile 31 0.73 0.8 0.1 5.4 
Southern Coast (Diadromous) Breccia 34 0.74 0.81 0.09 5.52 
Southern Coast (Diadromous) Grave 31 0.76 0.77 0.02 5.04 






All landlocked populations exhibited a higher degree of genetic structuring, on a 
lake by lake basis, when compared to diadromous populations (Figure 2.2) regardless of 
distance from diadromous populations. Landlocked systems had pairwise G´ST values of 
approximately 0.3 when compared to immediate downstream sites less than 5 km away 
(Figures 2.2, 2.3). Lakes inside of the same catchments had lower G´ST values than when 
compared to lakes in different catchments or other coastal sites. When plotted by G´ST over 
riverine connectivity distance by comparison category, a clear relationship is seen between 
comparison categories, but not distance, where comparisons featuring a lake have the 
highest G´ST values but G´ST does not tend to increase with distance, suggesting isolation 
by distance is minimal (Figure 2.3). Within lake G´ST values show no evidence of 
structuring as all values were <0.1 (Appendix 2.6). These results were corroborated by the 
patterns of genetic structuring identified using STRUCTURE (Appendix 2.6). 
 
Figure 2.2: Heat map of G´ST pairwise comparisons where red represents relatively high 
G´ST values approaching 0.5 and blue represents relatively minimal structuring values 
approaching 0. Catchments are denoted by letter following site name and populations 
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upstream of lakes are denoted by “lake” whereas all other sites are downstream of lakes. 
Coastal creeks and rivers which have no lake and “catchment” affiliation denoted with (F).  
  
 
Figure 2.3: Scatter plot with trend lines of Hedrick’s G´ST values of pairwise comparison 
values (n=246 total comparisons) and riverine site distance (km) with lake-lake 
comparisons (Triangle, dashed line), lake-marine comparisons (Circle, solid line) and 
marine-marine comparisons (Cross, dotted line). 
2.4.2 Otoliths 
All otoliths from juvenile G. brevipinnis collected from lake tributaries lacked high 
Sr:Ca ratios, whereas all otoliths from juvenile fish from coastal populations displayed 
high Sr:Ca  and low Ba:Ca in the layers of the otolith formed during the larval phase. 
Otolith trace element signatures lacking Mn spikes were excluded due to the likelihood of 
having missed the core region (Wanaka=6, Wakatipu=3, West Coast=3). Elements (in 
order of importance) Rb, Ba, Sr, Mg, Cu, and Ni were used in a linear discriminant 
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analysis (LDAs), with linear discriminant (LD1) explaining >67% of variation in all 
systems (Table 2.2). 
Table 2.2: Reclassification rates of linear discriminant analyses (LDA) and linear 
discriminant (LD1, LD2) percentage variance explained and corresponding Eingen values 
classed by system, site and region. Classification represent a separate LDA run on the level 












Master System 0.97 0.95 0.03 0.58 96.1 
Marine Site 0.98 0.97 0.01 0.29 62.5 
Wanaka Site 0.97 0.95 0.03 0.63 78.6 
Wakatipu Site 0.67 0.65 0.27 0.29 60 
Marine Region 0.98 0.95 0.0008 0.23 93.8 
Wanaka Region 0.87 0.93 0.11 0.62 85.7 
Wakatipu Region 0.86 0.65 0.14 0.20 70.6 
 
An LDA was first run on the largest spatial scale, marine and lakes level, resulting in a 
cluster of otolith trace element signatures for each lake and the marine environment. Based 
on both geography and the system level LDA, where distinct clusters were formed and 
reclassification was 96% successful (Table 2.2, Figure 2.4), further LDAs were used to 
determine within system region or site clustering. When classified by a priori regions 
(Figure 2.1), otolith trace element signature clusters of juveniles from each region were 
well defined (Figure 2.5) and reclassification success rates were 94% marine, 86% Wanaka 
and 71% Wakatipu (Table 2.2). Individual stream trace element signatures showed distinct, 
though less defined (Figure 2.5), clusters with reclassification success of 62.5% marine, 
78.6% Wanaka and 60% Wakatipu (Table 2.2). Reclassification success is reflected in 
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appearance of LDA plots with clear clustering present at high reclassification levels 
(Wanaka), and less clear, with low reclassification levels (e.g. Wakatipu) (Figure 2.5). 
 
Figure 2.4: System level linear discriminant analysis plot of linear discriminant one (LD1) 
and linear discriminant two (LD2) with West Coast (circle), Wanaka (Triangle), and 





Figure 2.5: Linear discriminant plots (LDA) of linear discriminant one (LD1) and linear 
discriminant two (LD2) and corresponding otolith trace-element signatures scores of 
juvenile G. brevipinnis captures from tributaries of Lakes Wanaka (Top, n=44), Wakatipu 
(Middle, n=47) and West Coast (Bottom, n=47) when classed by individual site (left) and a 





Trawling in the lakes collected a total of 1,991 larvae, with 95% being collected in 
river plumes, 2% in nearshore areas and 3% in offshore areas. All large river plumes had 
significantly higher densities of larvae than trawls collected from offshore or nearshore 
sites, while small river sites had no significant differences, although the highest densities 
were recorded in the plumes associated with Buckler Burn and Albert Burn (Figure 2.6)
 
Figure 2.6: Bar plot with density of Galaxias brevipinnis/cubic meter of water in plume, 
inshore, and offshore sites in large river (left) and small river (right). Sites Dart, Reese, 
Greenstone, and Buckler are tributaries of Lake Wakatipu while sites Makarora, 
Matukituki, Boundary and Albert are tributaries of Lake Wanaka. 
2.5 Discussion 
My results show various levels of population structuring across broad spatial and 
temporal scales. Genetic structuring of lake and marine G. brevipinnis populations 
indicates lake populations are isolated from downstream coastal populations over long 
timescales. Collectively, lake populations exhibit greater genetic structuring relative to 
coastal populations, while within lake and coast sites show relatively little genetic 
structuring consistent with within-system exchange of individuals. On shorter timescales, 
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within-system level otolith trace element signatures align with genetic results suggesting 
that lake tributary populations are isolated from coastal tributary populations. However, 
otolith trace element signatures indicate further structuring with distinct meta-population 
structure of catchments within lake and coast systems.  Larval plume residence, likely a 
simple behavioural consequence of rheotaxis (Hicks, 2012), suggests a behavioural 
mechanism which may generate population isolation and structuring across both short and 
long temporal scales. However, due to its leaky nature, plume residence may not be enough 
to prevent coastal and within lake mixing across longer timescales.  
2.5.1 Long-term population structure 
 Lakes have higher levels of genetic structuring relative to coastal populations, 
indicating each lake forms an isolated population subject to genetic drift. In contrast, 
genetic structuring is relatively homogenous within each lake and coastal region indicating 
within-system meta-populations are not isolated over longer timescales. Patterns of 
genetically distinct populations in lakes persist even where lakes are in close proximity to, 
and have open access to, the marine environment. Thus, lakes appear to act as barriers to 
upstream migration, despite presenting no obvious physical barrier to movement (see 
Gouskov and Vorburger, 2016). Mechanisms potentially leading to this isolation are 
unclear, but could be related to simple behaviours such as preference for current and 
upstream orientation (Hicks, 2012). By preferring to orient into current, larvae would seem 
likely to be retained in their natal river plume while adults and juveniles from downstream 
diadromous populations are unlikely to move through a lake due to lack of current cues, 
preventing exchange. Within lake and coast comparisons suggests relatively little 
structuring, implying that catchment level meta-populations exchange individuals over 
long timescales, aligning with other studies on dispersive larvae which find connectivity at 
broad spatial and temporal scales (McDowall, 2003; McDowall, 2007). While isolation by 
distance was not seen here, larger spatial scales spanning both the North and South Island 
may result in this form of isolation.  
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2.5.2 Short-term population structure 
Otolith trace-element signatures show both distinct system level population 
structuring, aligning with genetics, and within system meta-population structuring, thus 
detecting a level of short term population isolation not detected by genetic methods. 
Distinct otolith trace element signatures formed between lake and coast are not unexpected 
due to impermeable hydro-electric dams downstream of lakes Wanaka and Wakatipu and 
distance. Further, a lack of mixing has previously been found in lakes Moeraki and Paringa 
which have access to the coast (Hicks, 2012), suggesting that barrier connectivity is 
unlikely when a physical barrier is present. However, distinct lake otolith trace element 
signatures suggest lake retention, despite the absence of any obvious physical barriers that 
would prevent movement between Lakes Wanaka and Wakatipu. These ecologically 
isolated populations must persist over the long term, as the same pattern can be seen in the 
genetic results. In contrast, both marine and freshwater populations seen in my study also 
formed distinct otolith trace element clusters when sorted by tributary, suggesting short 
term catchment level meta-population structuring within coast or lake similar to other 
studies (Hogan et al., 2014; Smith and Kwak, 2014). While genetic population structuring 
could occur through mechanisms such as altered spawning time, catchment and lake level 
structuring seen in otolith trace element signatures of the same cohort suggests behavioural 
mechanisms resisting widespread larval dispersal from their natal streams, and retention 
close to natal streams would also result in retention within lakes. 
2.5.3 Larval behaviour as a mechanism for population structuring 
 Larval plume residence found in my study suggests a behavioural mechanism 
which could isolate populations in different streams or regions, and lead to long term 
isolation of lake populations. Nearly all larvae found in my study were present in river 
plumes, suggesting substantial retention within each tributary draining into a lake or the 
sea. This process should result in the formation of a structured meta-population within 
lakes and along coastlines, concordant with the patterns seen in otolith trace element 
signatures. Further, plume residence seemingly provides a mechanism by which larvae 
avoid drifting out of lakes (Hicks, 2012), isolating populations within lakes, even when 
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close to the coast. The actual behaviour maintaining larvae within plumes is unclear, 
although the observation of strong rheotaxis even in newly hatched larvae (Hicks, 2012), 
could provide a simple explanation for the retention of larvae in river plumes. Similarly, 
plumes studied here appeared to have more zooplankton than other sites suggesting food 
availability may also favour retention in these systems. River plumes represent dynamic 
environments and thus the degree of retention is likely to vary both spatially between river 
plumes and temporally in response to changes in flow. Whilst the majority of larvae 
collected were in river plumes, the collection of small numbers of larvae in offshore 
habitats suggests leakage from river plumes, likely providing a degree of population 
connectivity within lake and marine pelagic habitats, thus maintaining population and 
hence genetic connectivity over longer timescales. 
2.5.4 Implications 
 Behaviour that retains larvae within river plumes and resists dispersal provides a 
simple mechanism that could interact with landscape to produce a context dependent 
pattern of population connectivity and isolation. Collectively, these results form a case 
study describing how behaviour might interact with geologic events (Craw et al., 2016) and 
landscape to facilitate divergence of landlocked populations of an ancestral G. brevipinnis, 
that may have led to the subsequent radiation of the non-migratory G. vulgaris species-
complex (Waters et al., 2010; Burridge et al., 2012). My results confirm landlocked 
populations of G. brevipinnis are isolated and genetically divergent, despite the relative 
proximity and potential connectivity with diadromous populations in some cases. Similar 
speciation patterns are repeatedly seen in other amphidromous fish which universally have 
a pelagic larval phase but isolated adult populations (Augspurger et al., 2017), including 
the cottids (Dennenmoser et al., 2014; Goto et al., 2015), eleotrids (Nordlie, 2012) and 
gobiids (Keith and Lord, 2011), which are likely influenced by similar interactions of 
landscape, geology and behavioural mechanisms. Further, similar patterns may also be 
seen in other groups where behaviour and landscapes interact to fragment population 
connectivity, despite no physical apparent barrier, leading to context-dependent isolation, 





Table 2.3: A microsatellite library enriched for dinucleotide (GA and GT) and trinucleotide (AAC, AAG, ATC and ACT) repeats was 
constructed for G. brevipinnis following Perrin & Roy (2000).  570 clones were screened, of which 275 were positive.  Forty six 
clones were sequenced, and 22 primer sets designed.  Eleven G. brevipinnis from two sites on the west coast of South Island, New 
Zealand (six fish from Martyr Tributary on the Cascade River and five from Batty Creek on the Buller River), were genotyped using a 
combination of 8 – 9% non-denaturing acrylamide gels stained with SYBR Green I (ThermoFisher) with alleles called manually by 
comparing against a 10bp ladder (ThermoFisher), and/or using fluorescent labelling (Schuelke 2000) with alleles called using 
GeneMapper V4.1 (ThermoFisher).  All but two of the loci were polymorphic, and two would require further optimisation to be 
scored accurately.  Cloned sequences have been deposited in GenBank under accession numbers to be determined 
Locus Primers, 5’ – 3’ Repeat motif Amplicon size range (bp) # alleles 
Gbr_01 F:  GCCATGGTATCTGTGAGG 
R:  GATCACTCCCAGACTCCT 
(GT)7…(GT)20(GA)12 138 – 160 7 
Gbr_02 F:  TCACAGTATGTATTTGTTTATGT 
R:  TGATACACTCACTCAATCCT 
(TG)15(TY)4 381 – 416* 9 
Gbr_03 F:  CCCTTCCTATCTTTATCTCT 
R:  AACTCCCTGTTAAGCCATGC 
(GT)9 142 monomorphic 
Gbr_04 F:  TGAAAGAATTGCTGGGCTTC 
R:  CACAGCAACGTGAGAGCATC 
(TG)5CG(TG)6 150 monomorphic 
Gbr_05 F:  CCTACAAAAGTGTAACCCCTTCC 
R:  CAAAAGGTTTTGCCCGAAG 
(AC)14TC(AC)5AA(AC)2TC(AC)14 102 – 174 8 
Gbr_06 F:  GCTGCCTGTTGTTACTCACG 
R:  TTATCTTATTCTGTCTGAATGGTGA 
(GT)27GC(GT)8 125 – 150¶ >6 
Gbr_07 F:  TGACAGCTAGTTTTGAAGAT 
R:  AAGCTGTTGCTATTTTTAAG 
(TG)11…(CA)4(TC)3 347 – 392* 13 
Gbr_08 F:  CGCTCTTACTTCTACGATGTGG (CA)14 AA (CA)15 281 – 311*† 10 
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R:  GAAATTGCCAATGGAAAGGA 
Gbr_09 F:  ACATATGCGTGTATGTGGA 
R:  AGCCATCAATAACAAAATCT 
(TA)3 (TG)39 387 – 421*† 8 
Gbr_10 F:  GAAGAGAGGGTGTTTGTAT 
R:  GTTAGGCCATAGTTGGAT 
(GT)9 . . . (A)12 243 – 258* 7 
Gbr_11 F:  ATGTCCAGGGACACATGGAG 
R:  TGTTGAGGCACAACTTAGGC 
(CA)20 133 – 143 5 
Gbr_12 F:  GTGTGCAGGTAAGTGTTTAT 
R:  CCCTTCCTATCTTTATCTCT 
(GT)18 405 – 428* 6 
Gbr_13 F:  TTTTCTAAAACCATGACTCCTTG 
R:  GGTCACACCAAGACATCCAA 
(RT)7(GT)13 275 – 321* 10 
Gbr_14 F:  AGGAGAGTTACCATCTCTGT 
R:  GGATCTTGTCGTAATTAAAG 
(TG)11 254 – 269* 6 
Gbr_15 F:  TGTAGCCGGAACTATCTGGAA 
R:  TCAACTCCTCCCTCTATCTTTTT 
(TG)23 126 – 164 12 
Gbr_16 F:  AGGGCACTGTAGGTGATCGT 
R:  CGACACGGACTAATCCCAAC 
(TG)12 (TD)3 148 – 178* 10 
Gbr_17 F:  GACATTAAACGCTACCGGCAAG 
R:  TCTCGGGCCCATCAGCTG 
(AC)8 (AG)10 103 – 123 5 
Gbr_18 F:  CAGTTTTTCACTCTCAGCTTTGA 
R:  TTTCCACCCAATCTCACTGA 
(GA)24 AA (AG)4 130 – 160¶ polymorphic but 
requires further 
optimising 
Gbr_19 F:  TGAATTGGACTTCGCCTTCT 
R:  GGCAGATTCCAGTGCTTCAT 
(GAT)10 103 – 109 3 
Gbr_20 F:  AGTTTTGGTCCAAGATCACCA 
R:  TCCTGCCTTTCCGACTTCTA 
(CT)12 120 – 140¶ polymorphic but 
requires further 
optimising 
Gbr_21 F:  CAAAGCGCAGGCAAATAG 
R:  AACACACGAGCACATGCAA 
(TV)4 (TG)16 117 – 150* 13 
Gbr_22 F:  AAAGCCCCATGGGATAGAAG 
R:  AGTGCAAAATCAAGTGATATGAAA 
(TG)23 GG (TG)7 137 – 191* 8 
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* Size includes M13 tag. 
† Alleles were mostly scored on acrylamide.  Sizes have been converted to fluorescent 
equivalent. 
 Sizes are approximate. 
976-2 to 976-7, Cascade River, Martyr Tributary 
977-1 to 977-6, Buller (mid), Batty Creek 
References 
Perrin C & MS Roy (2000). Rapid and efficient identification of microsatellite loci from the 
sea urchin, Evechinus chloroticus Molecular Ecology 9:  2155 – 2234. 
Schuelke M (2000). An economic method for the fluorescent labeling of PCR fragments.  
Nature Biotechnology 18:  233 – 234. 
Table 2.4: G´st values from within Wakatipu and Wanaka sites 
Wakatipu 1 2 3 4 5 
1 0 0.06 0.01 0.03 0.02 
2  0 0.01 0.00 0.01 
3   0 -0.02 0.02 
4    0 0.01 
5     0 
Wanaka 1 2 3 4 5 
1 0 0.02 -0.01 -0.01 0.02 
2  0 -0.01 0.06 0.02 
3   0 -0.01 0.01 
4    0.00 0.06 




2.6.2 Structure Plots 
 
Figure 2.7: Structure results for all sites from K=2 to K= 10 Wakatipu (1), Wanaka (2), 
Matiri (3), Rotoroa (4), Rotoiti (5), Cristabel (6), Moeraki (7), Paringa (8), with all other 
sites being coastal sites. STRUCTURE initially separated the lakes draining to the East 
Coast (Wanaka and Wakatipu) from all other sites at K = 2. The three lakes in the Buller 
river catchment were split away next (K = 3), and finally lakes Moeraki, Paringa and 
Cristabel were added (K = 4), the first time all lakes were split from costal sites. When 
populations are increased from K = 5–6 lakes Moeraki, Paringa, Wanaka, Wakatipu and 
Cristabel are split into individual lakes while the Buller lakes retain approximately the 
same grouping. Evanno’s method initially selects K = 2 as the most likely model. Due to 
the large difference present between East and West coast populations Evanno’s method 
was used a second time with K = 2 removed resulting in K = 6 selected as the most likely 






Figure 2.8: STRUCTURE plots for within Wanaka (top) and Wakatipu (bottom) 
populations showing minimal genetic structuring. 
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2.6.3 Otolith Trace 
 
Figure 2.9: Example otolith drill showing Mn core spike and high barium period 
characteristic of lake rearing in these systems where the 10-20µm prior to the spike are 





Table 2.5: Results of G-test for larval trawling sites. 
Site G-value P-value 
Reese River 6.11 0.04 
Dart River 9.94 0.00 
Makarora River 8.17 0.02 
Matukituki River 8.90 0.01 
Greenstone River 0.19 0.90 
Buckler Burn 0.56 0.75 
Boundary Creek 0.04 0.98 
Albert Burn 0.26 0.88 
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3  Early life-history adaptation of a facultatively 
amphidromous fish 
3.1 Summary 
Early life-history is widely recognized as the most vulnerable stage of fish life-
history. As a result, early life-history is often adjusted to match local conditions, although 
this may require maternal egg-size fecundity tradeoffs. For amphidromous fishes, 
landlocked and marine rearing environments present fundamentally different challenges, 
and thus early life-history must be altered to allow establishment of landlocked 
populations. In chapter 2, landlocked populations were found to be genetically diverging 
from diadromous ancestors, as well as other lakes, suggesting the possibility of local 
adaptation via genotypic or phenotypic means. This chapter investigates gonadal 
development to determine spawning time as well as egg-size fecundity tradeoffs in 
landlocked and diadromous populations to assess early life-history adaptation. Ripening 
and spawning times of landlocked populations were protracted compared to diadromous 
populations. Diadromous populations, and individuals there in, simultaneously spawned 
during a March flood whereas ovulating landlocked individuals were found August-
December with a peak in October. Oocyte size of landlocked individuals was 
approximately 25% smaller than that of diadromous populations and as a result, fecundity 
of landlocked individuals was higher than that of diadromous individuals. As oocytes of 
diadromous individuals are larger than landlocked individuals, initial survival of offspring 
from diadromous individuals in landlocked systems is likely to be high due to exceeding 
the amount of provisioning required by offspring. While the mechanism remains unknown, 
the transition from large diadromous larvae to small landlocked larvae could occur through 




In order for a fish to occupy an environment, life-history must be adapted at all 
stages to allow survival. As early life-history tends to be particularly vulnerable relative to 
later life-history stages (Hjort, 1914; Chambers and Trippel, 1997), it is a critical 
component to adapt. Fish eggs are sensitive to environmental conditions such as 
temperature or drying (Dahlberg, 1979), and larvae tend to be small, fragile and minimally 
provisioned (Dahlberg, 1979; Chambers and Trippel, 1997). As a result, early life-history 
of fishes must be closely aligned with the prevailing environmental conditions if eggs and 
larvae are to survive (Chambers and Trippel, 1997; Winemiller et al., 2015; Jones and 
Closs, 2016; Jones et al., 2016). When colonizing new environments, life history alignment 
with novel conditions is essential. For example, if spawning times do not align with the 
environmental conditions required by eggs, or larvae are not correctly provisioned, 
recruitment will fail. It follows that a fish species that can readily alter aspects of early life-
history, such as spawning time and egg-size, has the potential to occupy a wider range of 
environments. 
The relationship between egg-size and fecundity represents a classic early life-
history tradeoff where a fish can either have many small eggs or a few large eggs 
(Winemiller and Rose, 1992; Chambers and Trippel, 1997; Closs et al., 2013; Jonsson and 
Jonsson, 2014; Jonsson et al., 2014). A degree of trait plasticity allows adjustment of egg-
size to match a rearing environment, but this invariably has impacts on fecundity 
(Winemiller and Rose, 1992). According to life-history theory, the optimum egg-size 
maximizes fecundity while allowing larvae to survive (Stearns, 1992). Thus, harsh rearing 
environments are occupied by large egg/low fecundity species or phenotypes, whereas less 
demanding larval rearing environments can be occupied by small egg/high fecundity 
species or phenotypes (Chambers and Trippel, 1997; Jones et al., 2016). Optimum egg-size 
can be achieved through either short-term processes where maternal experience influences 
the provisioning provided to offspring, termed maternal effect (Jonsson and Jonsson, 2014; 
Jonsson et al., 2014), or through long term genetic processes and evolution (Crispo, 2007; 
Grenier et al., 2016), although these processes are not mutually exclusive (Crispo, 2007).  
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Amphidromy, a form of diadromy, (McDowall, 2007) represents an ideal life-
history to investigate the role of early life-history adaptation in relation to the colonization 
of novel habitats due to the occurrence of landlocked populations (Augspurger et al., 
2017). Amphidromous migrations are characterized by adults living and spawning in 
fluvial systems, larvae then migrate downstream to a pelagic environment (typically 
marine, but often to lakes) before returning to fluvial environments as juveniles for further 
growth and reproduction (Myers, 1949; McDowall, 1992; McDowall, 2007). Landlocked 
and diadromous populations of amphidromous fish have a similar adult ecology where 
adults are generally benthic species in fluvial environments (Closs et al., 2013; Augspurger 
et al., 2017). However, the larval phase of landlocked and diadromous populations of 
amphidromous fish occupy strongly contrasting habitats, being completed in either a 
freshwater lake or the ocean. Freshwater environments can be considerable distance inland 
and at high elevations requiring changes to spawning time to coincide with suitable 
seasonal conditions (Jones et al., 2016). From a larval rearing perspective, the differences 
between landlocked and diadromous environments are likely to be numerous. Marine 
environments present physical and chemical challenges, such as large surf, tides, strong 
currents, salinity gradients and other characteristics which are likely to be less pronounced 
in landlocked environments. Similarly, productivity and food availability may be very 
different in marine or lentic environments, although such differences may be system 
specific. As systems are markedly different, larvae are likely to require different levels of 
provisioning to optimize survival. 
In this study, I compare spawning time and duration, oocyte size, and fecundity 
between diadromous and landlocked populations of the amphidromous fish, Galaxias 
brevipinnis. This species is known to readily form both diadromous and landlocked 
populations on New Zealand’s South Island. I hypothesize 1. spawning time and gonadal 
investment of inland landlocked populations of amphidromous fish will match that of 
nearby closely related non-diadromous species, and differ from that of coastal diadromous 
populations, 2. Oocytes size will differ in diadromous and landlocked populations and 3. 
Relative fecundity (oocytes/egg per gram somatic weight) will be lower in large oocyte/egg 




3.3.1 Life-history analysis 
 To examine the spawning status of landlocked and diadromous populations, the 
same 150m reach of each site was sampled every six to eight weeks in three tributaries of 
both Lakes Wanaka and Wakatipu, from September 2014 through October 2015, and in 
three coastal streams between Jackson Bay and Greymouth from April 2015 and April 
2016. Five females were collected (weather dependent) for oocyte measuremens and males 
were checked to determine if they were running ripe. Females were distinguished by the 
presence of a distended abdomen, more rounded papilla and a lack of milt. Fish collection 
was completed using a Kainga EFM 300 backpack electro-fisher (NIWA Instrument 
Systems, Christchurch) with 200-600V pulsed DC current. To minimize impacts on 
populations due to removal of females, fish were only collected from populations with high 
densities (>100 females in 150m). Fish were euthanized with an overdose of AQUI-S fish 
anesthetic (AQUI-S New Zealand Ltd., Lower Hutt), and subsequently preserved in 5% 
buffered formalin before being transferred to 70% ethanol at least two weeks later. 
Maternal size was measured as preserved total length (± 1mm) and preserved somatic 
weight (±0.01g) prior to dissection. To assess spawning status and calculate gonadosomatic 
index (GSI), ovaries were removed and weighed (±0.01g) for calculation of GSI.  
To determine ripe oocyte size, populations were sampled during the spawning 
season (landlocked-October 2015, marine-March 2016), and ten ripe females were 
collected from each of ten landlocked streams (3 tribs. Wanaka, 4 tribs. Wakatipu, and 3 
tribs. Pukaki) and from six coastal streams by backpack electrofishing (landlocked total n= 
100 from 10 tribs., coastal total n=60 from 6 tribs.). Fish were preserved in 5% buffered 
formalin before being transferred to 70% ethanol at least two weeks later. Resource 
allocation to offspring was assessed by measuring the diameter of 30 mature oocytes (10 
rear, 10 middle, 10 front). As many oocytes were not perfectly round, an average of the 
shortest and longest axis was taken using cellSens Standard 1.8 (Olympus Corporation, 
Tokyo) to calculate diameter. To obtain a measure of total fecundity, a complete oocyte 
count was conducted, and to allow comparisons of fecundity between different sized fish, 
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relative fecundity was calculated as total fecundity divided by somatic weight (g) to give 
#of oocytes/ g somatic weight. 
3.3.2 Analyses 
 To determine the spawning time of landlocked and diadromous populations, GSI 
was plotted over time with the assumption that spawning would occur near the time when 
average GSI was highest. Ripe and ovulating individuals were also noted in the field when 
present. Differences in oocyte size and fecundity between diadromous and landlocked 
populations were assessed using linear mixed effects models (LMM) models. For the 
oocyte model, oocyte size was regressed on total length and category was considered a 
factor, with lake or coastal region considered a random effect nested within category, and 
site considered a random effect nested within the lake or coastal region, individual  
considered a random effect nested within site, and the 30 measured oocytes considered a 
random effect nested within individual. For the fecundity model, fecundity was regressed 
on weight, providing a metric of relative fecundity, rearing environment category was 
considered a factor with coastal region or lake considered a random effect nested within 
category, and site considered a random effect nested in coastal region or lake. To test 
random effects, a likelihood ratio test from the LMER Test R package (Bates et al., 2015) 
was used and analyzed using a Chi.sq statistic. All analyses were conducted in program R 
version 3.2.0 (R Core Team, 2015).  
3.4 Results 
 Key differences in spawning time and gonadal development were found between 
landlocked and diadromous populations where spawning of landlocked populations peaked 
in October (Figure 3.1), with spawning individuals found from late August to December in 
both Wanaka and Wakatipu. In contrast, diadromous populations spawned in late March 
coinciding with a flood event which happened to occur during the sampling period. Males 
in landlocked systems were found milting year round while males of diadromous 
populations were found milting in February and March but rarely at any other time. 
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Freshwater spawning was prolonged and was not coupled with a flood as observed in 
diadromous populations. Females and males in diadromous populations were found in 
newly inundated parts of the stream channel that were not inundated during any other 
sampling period.  
 
Figure 3.1: Gonadosomatic index (GSI) of diadromous (dashed; n= 15 from 3 sites per 
date) and landlocked (black; n= 30 from 6 sites in 2 lakes per date) populations of G. 
brevipinnis through a calendar year with standard error bars. Note: that while not offset in 
the figure, the sampling times are offset as described in the methods section.  
 
 Diadromous and landlocked populations also differed in oocyte/egg-size and 
fecundity, with diadromous populations having significantly lower relative fecundity 
(Figure 3.2, LMM F=6.01, p=.04, n=100 landlocked and 60 coastal females) and larger 
oocyte size (Figure 3.2, LMM F= 19.4, p<.001, n=100 landlocked and 60 coastal females 
with 30 oocytes measured per fish) though total length of adult did not a have a significant 
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effect on oocyte size (p=.32). Oocyte size (Chi.sq= .316, p=.09) and relative fecundity 
(Chi.sq=.004, p=.1) did not vary by region/lake or differ between sites within categories 
(appendix 3.6), and oocyte size varied minimally within individual fish (σ2<.015). Oocyte 
size of landlocked and marine rearing G. brevipinnis and closely related non-migratory 
species is reported in Table 3.1.   
 
Figure 3.2: Oocyte diameter (mm) and relative fecundity (# of oocytes/gram somatic 
weight) of landlocked (n=100 female fish with 30 oocytes measured from each) and 
diadromous (n=60 females fish with 30 oocytes measured from each) G. brevipinnis. 
Where the whiskers represent maximum and mimimum with statistical outliers represent 
by a circle beyond the whisker. The centre of the box represents the median of the data 
with the dark like representing mean. The full box represents upper and lower quartiles.  
Table 3.1: Oocyte size of diadromous and landlocked G. brevipinnis and closely related 
species taken from Jones et al., 2016 ± standard error.  
Species Average Volume (mm3) 
G. brevipinnis (landlocked) 0.46±0.1 











 My results show diadromous and landlocked populations of an amphidromous fish, 
G. brevipinnis, have different gonadal development and spawning time of landlocked 
individuals resembles that of closely related, and geographically distributed, non-migratory 
galaxiid species (Jones et al., 2016). Further, oocyte/egg-size and fecundity differed 
between diadromous and landlocked populations, presumably reflecting the inherent 
differences between larval rearing environments. My results demonstrate either local 
genotypic adaptation or phenotypic plasticity in both offspring provisioning and spawning 
time.  
 Differences in the spawning time of landlocked and diadromous populations 
suggest alteration, by some mechanism, of landlocked populations to the regional 
conditions, and could provide a possible reproductive isolating mechanism preventing 
interbreeding of diadromous and landlocked stocks (Chapter 2). The period of gonadal 
investment in landlocked populations closely reflects that of closely related and distributed 
non-migratory sister species, with gonadal development commencing in summer, then 
entering a period of stasis over winter, and spawning in spring (see Jones et al., 2016). 
Diadromous populations begin developing gonads in January before spawning in March. 
Non-migratory sister species and the landlocked populations of G. brevipinnis occupy 
similar distribution and climate range (McDowall, 1990; NIWA, 2014) suggesting this 
difference may be due to climate influenced variables such as temperature, metabolism or 
food availability. Despite the similarity in timing of ovary investment, landlocked 
populations spawn later (October compared to August), and have a more protracted 
spawning period than non-migratory species. Mechanisms related to the pelagic processes, 
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such as zooplankton blooms (Platt et al., 2003; Carreon-Martinez et al., 2015) may also 
play a role in the timing of spawning in landlocked populations. Fish often align spawning 
time with pelagic events, such as zooplankton blooms, to ensure larvae enter a food rich 
environment. Different spawning times between landlocked and diadromous populations 
may reproductively isolate the populations, creating the potential for the genetically 
distinct landlocked populations to develop, as observed in Chapter Two.  
 Differences in egg-size and fecundity suggest the rearing environments of 
landlocked and diadromous populations are fundamentally different, and that populations 
have adjusted traits to their respective larval rearing environment. According to life-history 
theory, the smaller egg-size and higher fecundity present in landlocked populations 
indicates landlocked systems are a less demanding larval rearing environment than that 
experienced by diadromous populations with larger eggs (Stearns, 1992). Marine rearing 
environments are characterized by energetically challenging habitats with large waves and 
strong tidal currents, etc. which may make a large larvae essential for survival. This large 
egg-size of diadromous populations would also likely play a key role in allowing 
colonization of landlocked systems (Einum and Fleming, 2004); well provisioned large 
larvae from diadromous populations would likely have higher survival in landlocked 
systems resulting in successful population establishment. After establishment, the 
capability of lakes to support smaller larvae would favour higher fecundity and over time 
may result in patterns seen here (Einum and Fleming, 2004), with differing egg-size and 
fecundity in diadromous and landlocked populations. 
While landlocked and diadromous egg-sizes are markedly different, there is limited 
variation in egg-size within these habitats. This suggests that the marine and landlocked 
environments sampled are similar across the sampled range (Stearns, 1992), or marine 
environments represent the phylogenetically-determined maximum egg-size and the 
landlocked systems chosen represent the phylogenetically-determined minimum egg-size 
for G. brevipinnis. While the mechanism leading to this egg-size alteration is not known, 
both phenotypic plasticity in maternal provisioning and long term genetic adaptation are 
possible (Crispo, 2007). These are not mutually exclusive as differences in spawning time 
between landlocked and diadromous populations could provide a reproductive isolating 
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mechanism allowing short term process such as changes in maternal provisioning (Jonsson 
and Jonsson, 2014; Jonsson et al., 2014) to be selected for, resulting in long term genetic 
shifts (Crispo, 2007; Grenier et al., 2016).  
My study shows distinct differences in spawning time, egg-size and fecundity 
between landlocked and diadromous populations of an amphidromous fish. Differences in 
spawning time of landlocked and diadromous populations may provide a population 
isolating mechanism preventing interbreeding of these populations and allowing genetic 
adaptation. In the next chapter, I investigate larval characteristics of these populations to 
determine which characteristics may allow colonization of these environments as well as 






Figure 3.3: Oocyte diameter (mm) and Relative fecundity (Oocytes/g somatic weight) by 




4 Larval size, performance and behaviour variation of 
diadromous and landlocked populations of a 
facultatively amphidromous fish 
4.1 Summary 
The larval phase is recognized as a particularly critical stage of fish life-history due 
to its vulnerability and importance in maintaining genetic connectivity across broad spatial 
scales. In Chapter 2, larvae were found to reside primarily in river plumes suggesting a 
behavioural mechanism generating catchment-specific otolith trace element signatures. 
However, in Chapter 2 it was also described how lake populations are genetically diverging 
from diadromous populations, and in Chapter 3, egg-size of diadromous populations was 
found to be approximately 25% larger than that of landlocked populations suggesting while 
behaviour of larval may be similar, diadromous populations should have larger, higher 
performing larvae. In this chapter, larval traits, including behaviour, swimming 
performance and morphology, are assessed through the first 28 days of life and compared 
between landlocked and diadromous populations. Ovulating females were strip spawned 
and larvae were reared for 28 days with critical swimming speed, morphology and 
orientation into current assessed on days 0,4,7,14,21, and 28, while response to a light cue 
was assessed on day 10. Consistent with hypotheses, diadromous and landlocked larvae 
exhibited similar behavioural responses to current and light, while larval performance and 
morphology aligned with egg-size where diadromous larvae were both higher performing 
and larger. Large, higher performing, diadromous larvae provide a pathway allowing the 
formation of landlocked in these systems with minimal adjustment needed for initial 
survival. Populations can then subsequently shift egg-size and fecundity traits to optimize 
fitness through phenotypic or genotypic mechanisms. Similarities in larval behaviour 
provide a potential mechanism for retention seen in Chapter 2 and create positive feedback 




 Larval survival plays a key role in recruitment and population dynamics (Chambers 
and Trippel, 1997); but to recruit to the juvenile stage, larvae must overcome a number of 
challenges creating the potential for population bottlenecks (Hjort, 1914). Fish larvae tend 
to be small, fragile and minimally provisioned, but produced in large numbers (Winemiller 
and Rose, 1993). As a result, mortality is high due to a host of factors including starvation 
(Iguchi and Mizuno, 1999), barotrauma (Boys et al., 2016), predation (Santucci and Wahl, 
2003) and others (Chambers and Trippel, 1997; Schiemer et al., 2002). Ultimately, an 
inability to survive the larval stage by all offspring means recruitment and population 
failure.  
To minimize the effect of these bottlenecks, aspects of early life-history such as 
larval provisioning, performance and behaviour are often plastic and adapted to suit the 
conditions of the local larval rearing environment (Chambers and Trippel, 1997; Kingsford 
et al., 2002; Jones et al., 2016). According to life-history theory (Stearns, 1992), larvae are 
likely to be larger and better provisioned in harsh environments, but at the cost of maternal 
fecundity, whereas less demanding rearing environments can support smaller, less 
provisioned larvae produced in larger numbers per female fish. Larger larvae are generally 
more developed post-hatch, can swim faster and are more capable foragers (Chambers and 
Trippel, 1997; Kopf, 2014; Jones et al., 2016), increasing the chances of survival in harsh 
environments which are often less productive and more turbulent. Smaller larvae tend to be 
less developed, weaker swimmers and poorer foragers, requiring more productive and less 
turbulent pelagic environments for survival. While the size and performance of large and 
small larvae differs, behaviour is also often highly-coupled to local events such as diel 
zooplankton migrations (Hickford and Schiel, 1999; Bellwood and Fisher, 2001), allowing 
larger larvae to track prey, or use directional cues, such as current and light, to maintain 
position (Kingsford et al., 2002).   
 Diadromous and landlocked populations of amphidromous fishes represent an ideal 
system in which to investigate the effects of local adaptation on larval provisioning, 
performance and behaviour within the same species. Amphidromy is typically a 
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diadromous migration centered on pelagic rearing larvae (Closs et al., 2013), but often 
results in colonization of freshwater lakes (Augspurger et al., 2017), and subsequent 
speciation of fluvial rearing, non-migratory species (Burridge et al., 2012; Yamasaki et al., 
2015; Goto et al., 2015). Amphidromous fish spawn in freshwater fluvial environments, 
larvae passively drift downstream to a marine habitat and then return to freshwater streams 
as juveniles where they remain to further mature and reproduce (Myers, 1949; McDowall, 
1997; McDowall, 2007). Landlocked and diadromous populations have similar fluvial 
based adult life-histories with the main difference being whether larvae rear in a lake or an 
ocean (Augspurger et al., 2017). Lakes and oceans present different rearing challenges for 
larvae as lakes tend to lack tides, strong currents, salinity gradients and the large surf often 
present in nearshore marine environments, but with varying prey resources and 
productivity. Due to these factors, egg-size of landlocked populations often varies (Chapter 
3; Goto and Arai, 2003) from those of marine rearing populations, and as a result larval 
size and performance are likely to vary.   
 While larval size and performance is expected to differ between landlocked and 
diadromous populations, behavioural responses to positional cues such as current and light 
should remain similar in landlocked and diadromous populations. Both diadromous and 
landlocked populations maintain the same fluvial-pelagic-fluvial life-cycle pattern 
(Augspurger et al., 2017), and larvae of both have been shown to avoid dispersal through 
residing in river plumes (Chapter 2). This would suggest both marine and freshwater larvae 
(and post-larvae) should orient into current (positive rheotaxis), facilitating return to fluvial 
environments and resisting dispersal. Likewise, both marine habitats and lakes where 
larvae rear have the potential to be deep systems (>100m), and larvae drifting into aphotic 
zones would likely face a significant challenge for successful navigation back to fluvial 
environments. Larvae of both marine and freshwater are therefore likely to exhibit positive 
phototaxis to light to avoid drifting into these zones.  
I therefore hypothesize; 1. marine rearing amphidromous larval morphology will 
correlate with egg-sizes observed in Chapter 3, and thus will be larger and have higher 
performance (swimming speed) throughout ontogeny than their freshwater counterparts 
providing potential for colonization of freshwater environments and, 2. Despite this size 
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difference, marine and freshwater larvae will exhibit similar behavioural responses to 
positional cues such as current and light. 
4.3 Methods 
4.3.1 Study species 
To compare larval morphology, performance and behaviour between diadromous 
and landlocked populations of an amphidromous fish, Galaxias brevipinnis was selected as 
a model species. G. brevipinnis is an amphidromous fish which readily forms both 
diadromous and landlocked populations on New Zealand’s South Island (McDowall, 
1990).  
Morphology, swimming performance and developmental differences between 
landlocked and marine populations were investigated in larvae newly hatched from eggs 
obtained from ripe adult fish. Ripe adults were collected by backpack electrofishing, and 
later strip spawned in the laboratory. Freshwater rearing fish were obtained from two 
tributaries of both Lakes Wanaka and Wakatipu, and ripe diadromous individuals were 
collected from three streams along the west coast of New Zealand. Streams on the West 
Coast were at similar latitudes as lakes Wanaka and Wakatipu (Figure 4.1). To account for 
known differences in spawning time (Chapter 3), ripe landlocked G. brevipinnis were 
collected on 23 October, 2015 while ripe marine G. brevipinnis were collected on 30 




Figure 4.1: Map of sampling sites on the West Coast (A), Lake Wanaka (B) and Lake 




4.3.2 Strip spawning, egg and larval rearing 
Eight ripe females and four ripe males from each site were strip spawned following 
protocols previously developed for galaxiids (Wylie et al., 2014; Jones and Closs, 2016). 
Mature oocytes were strip-spawned into plastic petri dishes where they were combined 
with milt from all running ripe males collected from one site (e.g. all male gametes were 
mixed before applying). If females were not ovulating (n=2), ovulation was induced by two 
intraperitoneal injections of Human Chorionic Gonadotropin (1000 IU kg-1) administered 
over a 24 hour period (DiMaggio et al., 2014; Jones and Closs, 2016). Gametes were 
activated in freshwater (0 ppt) and then incubated submerged (simulated aquatic 
oviposition) in plastic petri dishes with twice daily water changes as described by Wylie et 
al., (2014). Fungal infections were minimized by removing all unfertilized and dead eggs 
twice daily. In addition, a methylene blue solution (1ppm) (Brooklands Pet Products, New 
Plymouth, New Zealand) was used during daily water changes. To simulate natural rearing 
conditions, eggs from land-locked fish were subjected to increasing day length due to 
spawning naturally occurring in spring, while eggs from coastal fish were subject to 
decreasing day length due to spawning occurring in autumn. Potential differences in 
incubation time were accounted for by recording incubation time of each larva from 
fertilization to hatch date. Rearing of both landlocked and diadromous populations was 
completed in freshwater.  
Following hatching, larvae were maintained at a high density for the first two days 
of life due to high mortality. Then, to minimize competition and maximize growth, larvae 
were transferred to rearing aquaria, at densities of no more than 10 larvae/L of water, and 
fed first instar Artemia and finely ground pellet food ad-libitum throughout rearing. Dead 
larvae and excess food were removed during daily water changes. Rearing temperatures of 
eggs and larvae varied with ambient air temperature, ranging from 12.2 ⁰ C to 15.4⁰ C. 
Due to seasonal differences in ambient air temperature, land-locked eggs and larvae were 
reared at a mean temperature of 14.5 ±0.5⁰ C while diadromous eggs and larvae were 
reared at a mean temperature of 14.9 ±0.3⁰ C. 
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4.3.3 Larval trials and morphology 
 Swimming performance and rheotaxis of larvae were assessed throughout ontogeny 
(days 0, 4, 7, 14, 21 and 28) in at least 10 larvae from each site. To accommodate the rapid 
development associated with the depletion of endogenous feeding reserves and increase 
comparability with other larval galaxiid studies, trials were conducted more often during 
the first week of life than subsequent weeks (Jones and Closs, 2016). Realistic swimming 
patterns and ability were assessed by critical speed (Ucrit) swimming trials as Ucrit 
represents a combination of both burst and sustained swimming speed of larvae (Kopf, 
2014; Jones and Closs, 2016). The potential effects of turbulence were minimized and a 
theoretical maximum Ucrit obtained using freshwater in a laminar flow flume. Trials were 
conducted by 1. allowing larvae a two-minute acclimatization period to the flume, 2. 
starting the flume at one cm/s, and  3. increasing the speed by two cm/s increments every 
two minutes (Jones and Closs, 2016) until the larvae was exhausted. Exhausted larvae were 
then euthanized and used for morphological measurements (thus only trialled once). 
Exhaustion was visually assessed as a larvae no longer maintaining position, being pushed 
to the back of the flume and unable to move. Post-trial, Ucrit was calculated as: 
Ucrit=Ui+(Uii[Ti/Tii]) 
Where Ui (cm/s) represents the highest speed interval larvae maintained for the full two 
minutes, Uii (cm/s) represents the exhaustion speed interval, Ti (min) represents the time 
from last velocity increase to fatigue, and Tii is the interval time (min). To assess response 
to current, larvae were considered positively rheotactic if they oriented upstream, 
negatively rheotaxic if oriented downstream, and indifferent if no taxis to current was 
shown. To allow for morphological measurement, larvae were euthanized after the trial, 
and hence only used in one trial. Larvae exhibiting labored swimming were not used for 
trials.  
Morphological differences throughout ontogeny were measured at days 0,4,7,14,21 
and 28 (Jones and Closs, 2016) post swimming trial. To allow for comparison of 
morphology and assessment of key larval provisioning characteristics, six key 
characteristics taken from Jones and Closs, (2016) were measured. As a measure of larval 
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size, potential performance and growth, larval total length (TL) was measured. Larval 
robustness was measured via post anal myomere depth, measured as body depth 
immediately posterior to the anus. The range of prey sizes that larvae were capable of 
consuming was estimating by measuring gape size based on the length of the upper 
maxilla. Sight/foraging ability was accounted for by measuring eye diameter, which was 
calculated as the mean of the longest and shorted axes of the eye. To assess maternal 
provisioning, endogenous provisioning and resistance to starvation, yolk sac diameter was 
measured and calculated by averaging the longest and shortest axes of the yolk sac. As the 
eyes, yolk sac and oil globule were not perfectly spherical, measurement of the longest and 
shortest axes provided an average diameter which was used to estimate yolk volume (Jones 
and Closs, 2016). 
4.3.4 Phototaxis trials 
Responses to photocues were quantitatively assessed at day 10 by placing 20 larvae 
per site in a black tray (30x20cm), divided into 6 compartments, and allowed to acclimate 
for 10 minutes in the dark. After 10 minutes, a 1000 lumen light was turned on over one of 
the compartments, and the larvae present in the illuminated compartment were counted 
after 30 seconds. To determine the dominance of rheo- or photo-positional cues, strength of 
phototaxis vs. rheotaxis trials were run on 10 of the 10 day old larvae per site. Trials were 
conducted by placing larvae in a laminar flow flume with a light located near the front of 
the flume. After a 2 minute acclimation period, the water velocity was gradually increased 
to a speed of 8 cm/s. Larvae were allowed to acclimate to this velocity for 2 minutes and 
then the light was moved to the back of the flume. If larvae followed the light, they were 
considered to be more phototactic than rheotactic.  
4.3.5 Analyses 
 Intraspecific differences in morphology and performance throughout ontogeny of 
landlocked and diadromous populations were compared (Ucrit, eye diameter, gape, 
myomere depth and yolk diameter) using ANCOVA and linear mixed effects models 
(LMM) where total length and rearing environment (landlocked or marine) were 
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considered fixed effects, and site was considered a random effect nested within category 
using Program R version 3.2.0 (R Core Team, 2015). Differences in size (total length) were 
determined using similar ANCOVA and LMM models where total length was regressed on 
age, and site was considered a random effect nested within category. To determine whether 
ANCOVA or LMM best represented patterns in the data, models were compared using 
AIC with the lowest AIC value model being selected.  
Behavioural differences between marine and lake populations and significance of 
larvae being positively phototaxic were evaluated using a G-test. To simplify results and 
due to minimal variance, all results of the phototaxis trials were pooled. 
 
4.4 Results 
 Rearing temperatures of eggs and larvae varied with ambient air temperature 
ranging from 12.2 ⁰ C to 15.4⁰ C. Due to seasonal differences in ambient air temperature, 
freshwater eggs and larvae were reared at a mean temperature of 14.5 ±0.5⁰ C, while 
marine eggs and larvae reared at a mean temperature of 14.9 ±0.3⁰ C. Mean incubation 
time of freshwater egg batches was 21.3 ±5.1 days, while mean incubation of marine egg 
batches was 34.7 ±4.4 days. Hatching of individual larvae within batches occurred over a 
period lasting up to eight days with no batches hatching en-masse. Newly emerged larvae 
from both marine and freshwater populations immediately adopted a pelagic position and 
exhibited sustained swimming. 
Swimming performance and morphology of marine and freshwater larvae differed 
significantly across several key parameters (Table 4.1, Table 4.2), with marine larvae being 
larger and exhibiting stronger performance. Marine larval TL was significantly larger than 
that of freshwater larvae at hatch and throughout development (Figure 4.2: ANCOVA 
F=272, p<0.001, Freshwater n=220, diadromous n=180). Myomere depth of larvae was 
significantly larger in diadromous larvae than landlocked at hatch and throughout 
development (ANCOVA F= 10.8, p=0.002, Freshwater n=220, diadromous n=180) and 
was significantly correlated with TL (ANCOVA F=497.5, p <0.001, Freshwater n=220, 
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diadromous n=180). Gape and eye diameter were not different between marine and 
freshwater larvae (ANCOVA Gape F=3.48 p=0.07, Eye F=1.72 p=0.19, Freshwater n=220, 
diadromous n=180), but both increased as larvae developed (Gape F=85.5, p<0.001, Eye 
F=178.9, p<0.001, Freshwater n=220, diadromous n=180). Marine larvae were 
significantly faster swimmers than freshwater larvae (Figure 4.2, LMM T=4.7, p<0.001, 
Freshwater n=220, diadromous n=180), and swimming speed increased as larvae grew 
(LMM T=19.6, p<0.001, Freshwater n=220, diadromous n=180). Yolk sac diameter was 
larger in marine larvae than freshwater larvae (ANCOVA F=34.6, p<0.001, Freshwater 
n=220, diadromous n=180). Model outputs are provided in Table 4.1 and sizes of traits at 
hatch relative to closely related species are presented in Table 4.2. Exogenous feeding was 
first noted on a day 4 with most larvae feeding exogenously by day 6 in both marine and 




Table 4.1: Model selection outputs with selected model in bold. Ten larvae were trialled from each site resulting in sample sizes of 40 
per trial day for freshwater and 30 per trial day for marine larvae for a total of freshwater n=240 and marine n=180. 
 
Type Model AICc 









Ancova X~TL*Category 2417.34 140 2.00E-16 868.90 
2.00E-
16 




effects X~TL*Category + (1|Category:Site) 2412.83 4.7 
1.00E-05 19.63 2.0E-16 
Linear mixed 





Ancova X~TL*Category -316 10.7 0.00148 496.58 
2.00E-
16 
Ancova X~TL+Category -319 10.8 0.00146 497.50 2.0E-16 
Linear mixed 
effects X~TL*Category + (1|Category:Site) -285 
0.79 0.43 5.86 8.61E-
08 
Linear mixed 
effects X~TL+Category + (1|Category:Site) -292 
-2.93 4.00E-11 7.57 3.91E-
11 
Gape 
Ancova X~TL*Category -225 3.47 0.0656 85.39 
2.00E-
14 
Ancova X~TL+Category -228 3.48 0.0654 85.52 1.0E-14 
Linear mixed 
effects X~TL*Category + (1|Category:Site) -201 
-1.43 0.154 1.07 0.289 
Linear mixed 
effects X~TL+Category + (1|Category:Site) -207 -1.30 




Ancova X~TL*Category -336 1.72 0.193 179.78 
2.00E-
16 
Ancova X~TL+Category -339 1.72 0.194 178.94 2.0E-16 
Linear mixed 
effects X~TL*Category + (1|Category:Site) -308 
-1.58 0.1157 2.34 0.0215 
Linear mixed 
effects X~TL+Category + (1|Category:Site) -314 




Ancova X~TL*Category -96 34.59 8.00E-08 1.27 0.2636 
Ancova X~TL+Category -89 32.40 1.66E-07 1.19 0.279 
Linear mixed 
effects X~TL*Category + (1|Category:Site) -93 




effects X~TL+Category + (1|Category:Site) -93 




Ancova X~TL*Category 1536 272 2.00E-16 1594.78 2.0E-16 




effects X~TL*Category + (1|Category:Site) 




effects X~TL+Category + (1|Category:Site) 




Figure 4.2: Larval size and swimming speed through ontogeny. Left- Total length (Tl, mm) 
± 95% confidence intervals of marine (black) and freshwater (grey) larvae in relation to 
age of larvae in days. Right- Critical speed of larvae (Ucrit, cm/s) ±  95% confidence 
intervals in relation to age of larvae (days) Sample sizes at each day are n=40 for 
freshwater and n=30 for marine. 
 
Table 4.2: Morphological measurements mean (mm) ± standard error of total length (TL), 
post anal myomere depth (MD), gape diameter (GD), eye diameter (ED) and yolk sack 
diameter (YSD) for Galaxias brevipinnis which rear in lakes (freshwater) and the ocean 
(marine) at hatch and 2 closely related non-migratory species which rear in streams 
(fluvial) taken from Jones and Closs, 2016. 
Species TL MD GD ED YSD 






















G. anomalus (Fluvial) 7.05±0.13 0.31±.01 0.4±0.02 0.39±0.02 0.90±0.06 
G. depressiceps (Fluvial) 7.53±0.1 0.34±.01 0.43±0.01 0.42±0.01 0.97±0.05 
 
Larvae from both marine and freshwater populations exhibited a nearly identical 
response to both current and light cues. Positive rheotaxis, or swimming into current, 
occurred in both marine and freshwater larvae throughout the 28 days of rearing and was 
exhibited by over 90% of larvae (540 of 563 larvae). When larvae exhibiting labored 
swimming were excluded, 100% of larvae trialled were positively rheotactic. All 
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phototaxis trials were pooled due to lack of variation as 388 out of 480 larvae were located 
in the illuminated tray compartment. Larvae were found to be significantly phototactic, or 
swam toward light, (G-test p<.001), and all larvae were more phototactic than rheotactic 
(n=30 marine, n=30 freshwater).  
4.5 Discussion 
 My study shows fundamental intraspecific early life-history differences between 
landlocked and diadromous populations of an amphidromous fish where diadromous G. 
brevipinnis larvae are larger, faster and more provisioned than freshwater rearing larvae. 
Despite these morphological and performance differences, behaviour is similar with nearly 
all larvae being both phototactic and rheotactic. Further, all larvae were more phototactic 
than rheotactic. These results suggest local adaptation to rearing environment, and a 
possible mechanism for larval plume residence previously seen in amphidromous fish 
(Chapters 2,3).  
 The larger larvae of diadromous populations suggests that the marine environment 
is harsher than the freshwater rearing environments selected in this study, as maternal 
provisioning of offspring generally increases in more challenging rearing environments 
(Sargent et al., 1987; Stearns, 1992). Marine environments tend to have large waves, tides, 
currents, salinity gradients and other challenging factors that landlocked environments tend 
to lack. While the mechanism is unknown, larger larvae present in diadromous populations 
are better provisioned, possibly allowing them to better cope with the physical and 
metabolic demands posed by the marine rearing environment. As a result, diadromous 
larvae would be over equipped for landlocked environments likely allowing them to easily 
colonize these less demanding landlocked systems (Einum and Fleming, 2004).  
 The positive relationship between larval length and swimming speed supports 
previous studies that larger larvae are stronger swimmers (Kopf, 2014, Jones and Closs, 
2016). Faster swimming larvae are more likely to encounter food and have better prey 
capture success (Webb and Weihs, 1986). Thus, the faster swimming performance of 
diadromous larvae further supports the inference that the marine environment is likely a 
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harsher rearing environment than the freshwater environments in my systems (Chambers 
and Trippel, 1997). Faster swimming speeds also have implications for dispersal, allowing 
larvae to either actively disperse farther from their natal origin or resist dispersal, 
potentially using behaviours such as rheotaxis and phototaxis to orientate and maintain 
position (Kingsford et al., 2002). While Ucrit of larvae is not likely fast enough to maintain 
position or residence in the strong current of the main stream channel, back waters or 
mixing zones of river plumes and pelagic habitats may have micro-currents and eddies 
where these behaviours would allow larvae to resist dispersal, such as observed in G. 
brevipinnis (Chapter 2). 
Sustained positive rheotaxis was present in nearly all larvae trialled suggesting 
downstream drift of these larvae is not passive, and actually suggests larvae attempt to 
avoid downstream drift by actively resisting current. This observation also suggests that 
larval downstream movement will cease once the current drops below a velocity that 
equals larval sustained swimming speed, mostly likely where streams enters lakes. This 
behaviour suggests a mechanism that could limit larval dispersal out of lakes, as has 
previously been observed for G. brevipinnis (Hicks, 2012). Rheotaxis is a common feature 
among fish larvae (Kingsford et al., 2002), and has been observed in closely related non-
diadromous galaxiids that rear larvae in streams (Jones and Closs, 2016). Galaxias 
brevipinnis exhibited sustained upstream swimming in a uniform vertical position in the 
water column similar to other fluvial rearing galaxiids.  
Both marine and freshwater rearing larvae were also found to be positively 
phototactic in laboratory conditions. The larvae of many organisms are phototactic under 
laboratory conditions (Kingsford et al., 2002; Leis et al., 2007). The ecological relevance 
of laboratory phototaxis has been debated due to the difficulty of creating realistic light 
conditions limiting the interpretation of phototaxis as a directional cue (Kingsford et al., 
2002). However, phototaxis and response to light likely plays a role in diel migrations 
known to occur in G. brevipinnis and other fish larvae (Hickford and Schiel, 1999; Taylor 
et al., 2000). Positive phototaxis also may stop larvae from enter aphotic zones which 
could pose navigational challenges and hindering return to fluvial environments.  
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 Despite having nearly identical life-histories, diadromous and landlocked 
populations of amphidromous fish have contrasting early life-history traits that likely 
reflect key differences in the challenges posed by their larval rearing environment. These 
differences suggest that fine tuning of early life-history traits reflected in larval 
morphology, play a key role in the distribution and divergence of landlocked 
amphidromous fishes. Positive rheotaxis and transitioning from larger diadromous larvae 
to smaller landlocked larvae provides a possible mechanism for allowing landlocked 




5 Life-history plasticity in amphidromous and 
catadromous fishes: a continuum of strategies1 
5.1 Summary 
Amphidromous fishes are known to exhibit a variety of life-histories, including 
landlocking and catadromy, both within and between species. Further, landlocked 
populations of amphidromous fishes often radiate into non-migratory forms. In Chapters 2, 
3 and 4, mechanisms allowing colonization and isolation of landlocked populations were 
investigated. This chapter assesses the level of life-history plasticity among amphidromous 
fishes, including the prevalence of landlocking, and thus the degree to which the 
mechanisms presented in Chapter 2, 3 and 4 may occur. Results show amphidromy is an 
obligate benthic pelagic life-history and most species have plasticity, to some degree, 
which allows them to utilize either landlocked or catadromous life-histories. When 
combined with landscape, these life-histories form a continuum centered on rapidly 
moving the larval phase to a pelagic environments. Further, when phylogenies are 
relatively well known, at least one species in every family forms landlocked populations 
which radiate into non-migratory forms suggesting the mechanisms presented in this thesis 
may also apply to multiple species of gobiids, eleotrids, and cottids.  
5.2 Introduction 
Migration is syndrome or strategy, (Sih et al., 2004; Dingle and Drake, 2007; Sih et 
al., 2012)  comprised of physical, behvioural and other characteristics, in which individuals 
move to a new location where clear benefits over non-migratory strategies (such as 
increased breeding success, resources, habitat, growth, and survival) are accrued (Alerstam 
                                                          
1 Published in: Augspurger, J.M., Warburton, M., Closs, G.P. (2017) Life-history plasticity 
in amphidromous and catadromous fishes: a continuum of strategies. Reviews in 





et al., 2003; Dingle and Drake, 2007). These benefits result in strong positive feedback 
loops, generating a mechanism that reinforces various migratory strategies. The success of 
these strategies has resulted in the independent evolution of migration multiple times in 
birds, reptiles, amphibians, insects, and fishes (Alerstam et al., 2003; Yamasaki et al., 
2015). Migrations in fishes have long been observed and often evoke images of the iconic 
upstream spawning migration of salmon (Myers, 1949). However, due to the difficulties of 
tracking underwater migrations, fish migrations were not as well studied as the migrations 
of their avian counterparts until relatively recently when technological advances resulted in 
improved tracking methodologies (Chapman et al., 2012a; Chapman et al., 2012b). In 
avian species, when there are no benefits to migration, non-migratory strategies are 
selected resulting in resident individuals. In populations where benefits of migration and 
non-migration are equal, both strategies may be sympatric; this sympatry is termed partial 
migration (Lack, 1968; Alerstam et al., 2003). In a recent review, Chapman et al. (2012 
a,b) found partial migration is also common among fishes, suggesting that migrations in 
fish may be highly plastic. However, some fish migrations must cross physico-chemical 
barriers, such as salinity gradients, during migration (Myers, 1949; McDowall, 1992). It 
has long been thought factors such as salinity may play an important role in the 
development of these fishes, resulting in migration pathways that are obligate due to 
physiological constraints (Murphy and Cowan, 2007).  
 The term diadromy (Myers, 1949) describes migrations between freshwater and 
marine environments. Diadromy occurs in a number of economically and culturally 
important species including salmon, anguillid eels, and galaxiids. Three categories of 
diadromy were originally defined by Myers (1949) which today are now considered to 
include a diverse and growing group of fishes and invertebrates: anadromy (109 species; 
McDowall, 1988), catadromy (53 species; McDowall, 1988) and amphidromy (273+ 
species; Riede, 2004). Anadromous migrations are characterized by freshwater larvae, 
juvenile migration to sea, a marine growth phase, and a return to freshwater solely for 
reproduction, as seen in the salmonids (Myers, 1949; McDowall, 1992). Catadromous 
migrations are characterized by marine larvae, freshwater growth phase to near-maturity, 
and downstream migration to the marine environment solely to reproduce, as seen in the 




anguillids has resulted in these fish being well studied, and thus life-history plasticity in 
these taxa is better understood than in amphidromous species (Chapman et al., 2012b). 
Salmonids have long been known to exhibit life-history plasticity forming freshwater 
resident and diadromous populations, some of which exhibit partial migration (Jonsson and 
Jonsson, 1993, Dodson et al., 2013). More recently, anguillids have been found to exhibit 
plasticity with some individuals spending little or no time in freshwater (Tsukamoto et al., 
1998; Daverat et al., 2006). The life-history plasticity demonstrated by these two families 
brings into question the ecological role and drivers of diadromous migrations. In order to 
gain further insights into the drivers of diadromous life-histories, plasticity in the third 
category of diadromy (amphidromy) must be investigated.  
Amphidromy was originally defined by Myers (1949), before being re-defined by 
McDowall (1992, 1997, 2007) is the third, and largest, (273 spp; Riede, 2004), subcategory 
of diadromy comprising two types: freshwater and marine amphidromy. Freshwater 
amphidromous (hereafter amphidromous) fishes spawn in freshwater, larvae drift to the 
ocean, and then return to freshwater as juveniles where they grow to maturity and complete 
the lifecycle (Myers, 1949; McDowall, 2007). This form of amphidromy occurs in a 
diverse range of families, including galaxiids, gobiids, eleotrids, retropinnids and cottids, 
suggesting that it is a strategy that has evolved multiple times (Closs et al., 2013). Marine 
amphidromous fishes, which are less diverse, spawn in the sea with larvae entering 
freshwater for varying periods before returning to the sea for further growth and 
reproduction (McDowall, 1992). Marine amphidromy has received limited study but does 
occur in the kuhliids (Feutry et al., 2013), clupeids (Guelinckx et al., 2006), and possibly 
others. Freshwater amphidromous fishes are generally small bodied, highly fecund fishes 
typically occupying steep streams on oceanic insular systems (Joy and Death, 2004; 
McDowall, 2007), whereas marine amphidromous fishes occupy lowland river reaches 
(Guelinckx et al., 2006).  The primary centers of diversity for amphidromous fishes 
broadly include the Indo-Pacific and the Caribbean regions due to the nature of 
amphidromous fish often occurring on high islands (Keith, 2003), but amphidromous fish 




Eight possible drivers of amphidromy were proposed by McDowall (2007) 
including dispersal to new environments, predator avoidance, and egg size/fecundity 
tradeoffs. McDowall (2009, 2010) favored dispersal as the primary function of 
amphidromy emphasizing biogeography, genetic panmixia, and the recognized ability of 
amphidromous species to colonize new or disturbed environments. Recently, many have 
begun to question the role of dispersal in amphidromy, as the evolutionary benefits of a 
dispersal centric life-history are not clear due to the reduced probability of larval survival 
during expatrial dispersal (Sorensen and Hobson, 2005; Closs et al., 2013; Watanabe et al., 
2014; Goto et al., 2015). Many amphidromous fishes are also facultatively amphidromous 
(complete their lifecycle entirely in freshwater; Taylor et al., 2000; Hogan et al., 2014), 
which suggests some species may resist widespread dispersal, contradicting McDowall’s 
proposed primary function of amphidromy. 
More recent perspectives argue that amphidromy is a benthic-pelagic migration 
driven by egg size/fecundity tradeoffs (Closs et al., 2013; Goto et al., 2015). In this 
hypothesis, a pelagic environment allows for larvae to be minimally provisioned due to 
high larval food availability in pelagic larval rearing habitats. As a result, egg size can 
remain small, allowing for the maintenance of high fecundity relative to similar sized non-
migratory species. This hypothesis does not explicitly rule out long distance dispersal; 
however fecundity benefits accrued from rearing in a pelagic environment do not require 
long distance dispersal as increased productivity may occur in near-shore or river plume 
environments (Swearer et al., 1999; Murphy and Cowan, 2007). Further support for egg-
size/fecundity life-history tradeoffs can be found in comparisons of migratory and closely 
related non-migratory species, where non-migratory sister-species have larger eggs/larvae 
and lower fecundity (Closs et al., 2013; Goto et al., 2015; Yamasaki et al., 2015). Further, 
evidence for philopatry related to river plume residence has been found (Sorensen and 
Hobson, 2005; Kawakami and Tachihara, 2011; Shiao et al., 2015), suggesting a 
mechanism for larval retention that creates a positive feedback loop in local population 
processes, and generates a local or regional competitive advantage for those species with 





Several authors have also noted similarities between amphidromy and catadromy, 
as both life-histories are characterized by pelagic larvae and benthic adults (Fitzsimons et 
al., 2002; Closs et al., 2013; Goto et al., 2015; Closs and Warburton, 2016). The key 
difference between amphidromy and catadromy is the adult downstream migration (ADM) 
of catadromous fishes to the sea prior to spawning. However, some amphidromous fishes 
are also known to migrate downstream to spawning sites close to estuarine habitats 
(Pollard, 1972; Dennenmoser et al., 2014); such species often termed near- or quasi-
catadromous (McDowall, 1990). Excluding anguillids, which migrate prodigious distances 
off-shore prior to spawning, catadromous fishes spawn in near shore environments, often 
with only limited movement away from river entrances (Walsh et al., 2011; Miller, 2016). 
The parallels between amphidromous, near-catadromous and catadromous life-histories are 
obvious, suggesting a functional link between the two strategies (Closs and Warburton, 
2016). In various families of fish, different species may exhibit one or more of these life-
history patterns, further suggesting that there may be related cross-family evolutionary and 
ecological drivers of this variation (Feutry et al., 2013; Hogan et al., 2014; Goto et al., 
2015). In order to progress our understanding of amphidromy, along with catadromy and 
diadromy in general, an understanding of the taxonomic distribution and extent of life-
history plasticity in amphidromous fishes is essential (Closs et al., 2013; Goto et al., 2015). 
This review investigates the prevalence of partial migrations and life-history 
plasticity in amphidromous fishes. My first objective is to review life-history strategies and 
evidence for between- and within-species patterns of plasticity that are present across 
taxonomic groups of amphidromous fishes. I then examine the current definition of 
amphidromy as a diadromous life-history in the context of plasticity and evaluate current 
hypotheses on the evolution of amphidromy. Finally, I discuss similarities and 
relationships between amphidromy and catadromy, ultimately providing an overall 




5.3  The prevalence of plasticity 
Here I discuss life-history strategies and plasticity across taxonomic groups of 
amphidromous fish. Plasticity is here defined as the ability to utilize more than one life-
history type and can occur on both evolutionary and ecological timescales. Thus, I examine 
evolutionary life-history plasticity by assessing life-histories among species within a 
family, and examine ecological plasticity by examining lifecycle variation within species. I 
do not intend to cover all species of amphidromous fish, but all families where 
amphidromy is known to occur to provide examples of where plasticity has been found to 
be present or absent (Table 5.1). It should also be noted that many phylogenies are 
unresolved making it difficult to fully assess the degree of life-history plasticity in some 
taxa. Division, species, and life-history counts are taken from FishBase (Froese and Pauly, 
2015) unless previously determined; thus life-history count sums may not equal the total 
amount of species present in each family. For the purpose of this review, I categorize the 
relevant life-histories as (i) fluvial (stream resident), (ii) landlocked (fluvial adult, 
pelagic/lake rearing larvae), (iii) freshwater amphidromous, (iv) ADM amphidromous, (v) 
catadromous, (vi) marine amphidromous, (vii) estuarine (resident in estuary), or (viii) 
oceanadromous where oceanadromy is defined as having a marine life-history with a 
benthic-pelagic migration. I do not further discuss life-histories that utilize estuarine rather 
than freshwater habitats as other reviews have focused specifically on the use of estuaries 
by fish (Potter et al., 2015).  
Literature searches were conducted using Web of Science and the search term 
amphidrom* with filters “fisheries, marine and freshwater biology, ecology, zoology and 
oceanography” returning 346 articles. These articles were then identified as focusing on 
fish life-history or other which returned 111 potential articles. These were further sorted to 
65 papers investigating life-history plasticity in aspects relevant to this review. After 
conducting this search and determining families where amphidromy was present, 
individual family searches were conducted and reviewed for further amphidromous 
species. Articles which assumed life-history or sampled only otoliths of whitebait returning 
from sea were also removed if they were the only example existed for the species. Otolith 




otolith signatures of adults or inland populations are run. While these fish may be obligate 
amphidromous, I considered a single record of obligate amphidromy taken from juveniles 
as insufficient evidence to conclude obligate amphidromy. 
Table 5.1: Compilation of amphidromous families and species therein. Life-history is 
defined as fluvial (F), landlocked (L), freshwater amphidromy (FA), marine amphidromy 
(MA), catadromy (C), estuarine (E), or oceanadromous (O). Adult downstream migration 
is noted by an asterisk when records exist. Fluvial life-history only (e.g. non-migratory) 
species are excluded unless previously considered amphidromous and should now be 
considered non-migratory. Reviews of families are cited where possible. 
Family Life-History Source 
Cottidae* F,L,FA,C,O Goto et al., 2015 
Cottus aleuticus F,L,FA McAllister and Lindsey, 1961 
Cottus asper* F,L,FA Dennenmoser et al., 2014 
Cottus pollux (small egg) FA Goto et al., 2002; Goto and Arai, 2003 
Cottus pollux (middle egg) F,FA Goto et al., 2002; Goto and Arai, 2003 
Cottus pollux (large egg) F,FA Goto et al., 2002; Goto and Arai, 2003 
Cottus hangiongensis* FA Goto and Arai, 2006 
Cottus amblystomopsis FA Goto and Arai, 2006 
Cottus nozawae F Goto and Arai, 2006; Riede, 2004 
Cottus kazinka* C Goto et al. 2015, 
Galaxiidae* F,L,FA   
Galaxiinae*   
Galaxias brevipinnis  L,FA McDowall, 1990; Closs et al., 2013 
Galaxias maculatus* L,FA Pollard, 1972; Chapman et al., 2009 
Galaxias argenteus* L,FA David et al., 2004 
Galaxias truttaceus L,FA Morgan, 2003; Close et al., 2014 
Galaxias fasciatus  L,FA Hicks, 2012 
Aplochitoninae L,FA  
Aplochiton zebra L,FA McDowall et al., 1971, 2005 
Aplochiton taeniatus L,FA McDowall et al., 1971, 2005 
Gobiidae* F,L,FA,C,E,O Keith and Lord, 2011 
Gobionellinae* F,L,FA,E  
Awaous acritosus  F,FA Huey et al., 2014 
Awaous stamineus*  F,FA Hogan et al., 2014 
Awaous banana F,FA Smith and Kwak, 2014 
Awaous guamensis* FA Kido and Heacock, 1992 
Rhinogobius cross-band L,FA Tsunagawa and Arai, 2008 
Rhinogobius large dark L,FA Tsunagawa and Arai, 2008 




Rhinogobius brunneas L,FA Tsunagawa and Arai, 2008 
Rhinogobius orange F,L,FA Ohara et al., 2009; Tsunagawa et al., 2010 
Rhinogobius cobalt FA,E Tsunagawa and Arai, 2008 
Sicydinae* FA,E  
Lentipes concolor FA Radtke and Kinzie, 1996 
Sicyopterus lagocephelus* FA,E Lord et al., 2011 
Sicyopterus aiensis* FA Lord et al., 2011 
Sicyopterus sarasini* FA,E Lord et al., 2011 
Sicyopterus japonicus FA Shen et al., 1998; Shiao et al., 2015 
Sicyopus zosterophorum FA Taillebois et al., 2012 
Sicydium punctatum* FA Tabouret et al., 2011 
Eleotridae* F,L,FA,MA,C,E,O Nordlie, 2012 
Gobiomorphus huttoni L,FA Hicks, 2012 
Gobiomorphus gobioides FA,E Jellyman et al., 2000 
Gobiomorphus hubbsi* FA Jarvis and Closs, 2015 
Gobiomorphus cotidianus* L,FA Closs et al., 2003; Jarvis and Closs, 2015 
Gobiomorus dormitor* F,FA,C Nordlie, 2012; Smith and Kwak, 2014 
Gobiomorus maculatus* L,FA,E Nordlie, 2012 
Dormitor latifrons* L,FA,E Nordlie, 2012 
Dormitor maculatus* F,FA,MA,E Nordlie, 2012 
Eleotris amblyopsis* F,FA,MA,E Nordlie, 2012 
Eleotris picta* F,FA,MA,E Nordlie, 2012 
Erotelis smaragdus* FA,CA,E,O Nordlie, 2012 
Guavina guavina* FA,CA,E,O Nordlie, 2012 
Plecoglossidae* L,FA  
Plecoglossus altivelis* L,FA Kawanabi, 2001 
Retropinnidae* F,L,FA,  
Retropinninae* F,L,FA  
Retropinna semoni* F,L,FA Hughes et al., 2014; Crook et al., 2008 
Retropinna retropinna F,L,FA Ward et al., 1989; Ward et al., 2005 
Prototroctinae* FA  
Prototroctes maraena* FA Crook et al., 2006; Koster et al., 2013 
Prototroctes oxyrhynchus FA McDowall, 1990 
Cheimarrichthyidae* FA  
Cheimarrichthys fosteri* FA Scrimgeour and Eldon, 1989 
Percichthyidae*   
Macquaria novemaculeata* F?,FA?,C,E Walsh et al., 2012 
Macquaria colonorum* F?,FA?,C,E Walsh et al., 2012 
Clupeidae* MA,O  
Clupea harangus*  MA,O Guelinckx et al., 2006 




Kuhliidae* FA?,MA,C,E,O Feutry et al., 2013 
Kuhlia malo* FA?,MA,C,E Feutry et al., 2011 
Kuhlia munda* FA?,MA,C,E Feutry et al., 2012 
Kuhlia rupestris* FA?,MA,C,E Feutry et al., 2012 
Kuhlia sauvagnii* FA?,MA,C,E Feutry et al., 2012 
Kuhlia caudavittata* MA,O Feutry et al., 2013 
Kuhlia petiti* MA,O Feutry et al., 2013 
Kuhlia mugil* MA,O Feutry et al., 2013 
Kuhlia xenura* MA,O Feutry et al., 2013 
 
5.3.1 Family Cottidae (reviewed in Goto et al., 2015) 
Cottidae (sculpins) contains 264 species in total (Eschmeyer, 2015), with a global 
distribution although diadromous cottids are primarily found on the Japanese archipelago 
and North America (Froese and Pauly, 2015). Evolutionary plasticity is present in this 
peripheral division family; approx. 48 spp. are freshwater, 11-23 spp. are amphidromous, 
at least 2 spp. are catadromous and 135 spp. are marine (Froese and Pauly, 2015). At least 
three amphidromous species (Cottus hangiongensis, C. amblystomopsis, C. pollux) have 
given rise to three independent evolutionary lineages of large egg descendants with entirely 
fluvial life-histories (C. koreanus, C. nozawae, C. reinii) (Goto et al., 2015). Similar 
patterns are seen in the non-migratory ecotypes of C. asper (Dennenmoser et al., 2014).  
On an ecological level, plasticity is also present in at least four species; North American 
sculpins C. asper, C. aleuticus (Dennenmoser et al., 2014), and Japanese sculpins C. pollux 
middle egg and large egg (Goto et al., 2002; Goto and Arai, 2003), are able to form 
landlocked populations. Other Japanese sculpins, such as C. hangiongensis and C. 
amblystomopsis, appear to be entirely amphidromous. However, a lack of research on these 
species means the extent of plasticity may not be fully described (Goto and Arai, 2006). 
ADM prior to spawning has been observed only in C. hangiongensis (Goto, 1986) and C. 
asper (Dennenmoser et al., 2014), with their life-histories resembling that of catadromous 
C. kazinka (Goto et al., 2015), apart from their spawning habitat being upstream of 




5.3.2 Family Galaxiidae 
Galaxiidae comprises 65 species in two sub families, Galaxiinae (61 species) and 
Aplochitoninae (4 species) (Eschmeyer, 2015). The family is distributed widely through 
the Southern Hemisphere, including New Zealand and surrounding islands, Australia, 
South America, and South Africa (Froese and Pauly, 2015). The phylogeny of Galaxiinae 
is relatively well resolved (Waters et al., 2010), and multiple species have been the subject 
of life-history research (Barriga et al., 2007; Hicks et al., 2010a; Closs et al., 2013). 
Evolutionary plasticity is present; 54 spp. exhibit fully freshwater life-histories and 11 spp. 
are amphidromous. Further, in this family, more than 10 non-migratory species have 
evolved from three amphidromous species, Galaxias brevipinnis (Waters et al., 2010), G. 
maculatus (Ling et al., 2001) and G. truttaceus (Ovenden et al., 1993). Ecological 
plasticity is present in more than seven species, including Aplochiton zebra, A. taeniatus 
(McDowall, 1971; McDowall et al., 2005), Galaxias brevipinnis (McDowall, 1990), G. 
maculatus (Pollard, 1972; Chapman et al., 2009), G. argenteus (David et al., 2004), G. 
truttaceus (Morgan, 2003; Close et al., 2014), and G. fasciatus (Hicks, 2012), all of which 
are able to form both landlocked and diadromous populations. The gametes of two species, 
G. maculatus and G. argenteus, are known to be unable to survive in saltwater (Hicks et 
al., 2010a; Wylie et al., 2014); this physiological constraint may apply to all galaxiids, 
explaining the lack of marine spawning in this otherwise diverse family. However, at least 
one species, G. maculatus, exhibits a pre-spawning ADM, spawning just upstream of the 
estuarine salt wedge where eggs are laid in littoral vegetation, a pattern that literally comes 
within a few meters of otherwise being classified as catadromous (Pollard, 1972; 
McDowall, 1990; Baker and Hicks, 2003; Hicks et al., 2010a,b).  
5.3.3 Family Gobiidae (reviewed in Keith and Lord, 2011) 
Gobiidae is an extremely diverse, globally distributed, family with 1760 species in 
5 subfamilies (Eschmeyer, 2015). Evolutionary plasticity is present although the full extent 
is difficult to determine. Most species are marine (Froese and Pauly, 2015) with over 200 
being amphidromous (Keith and Lord, 2011) or catadromous; freshwater species are also 




studied relative to their diversity, with new species being regularly described (Keith and 
Lord, 2011; Keith et al., 2014a,b). Due to the large diversity of amphidromous fishes 
present in this family, I review evolutionary plasticity on a sub-family level and ecological 
plasticity within genera. It should be noted many phylogenies in this family are poorly 
resolved and in need of more research (Patzner et al., 2011).  
5.3.3.1 Subfamily Gobionellinae 
Subfamily Gobionellinae contains approximately 418 representatives (Eschmeyer, 
2015) widely distributed throughout the Indo-Pacific and Caribbean regions (Keith and 
Lord, 2011). Gobionellinae exhibits evolutionary plasticity as a wide variety of life-history 
strategies, ranging from fully fluvial to wholly amphidromous, occur (Huey et al., 2014; 
Hogan et al., 2014) although exact counts are unclear due to limited study (Froese and 
Pauly, 2015). Further, multiple amphidromous species have speciated into large egg, 
fluvial non-migratory taxa (Yamasaki et al., 2015).  
The genus Awaous: contains 18 species, of which 12-18 are amphidromous, with a 
broad distribution including the Indo-Pacific, Asia, Americas, and Africa (Froese and 
Pauly, 2015). Ecological plasticity is present in at least three species (Huey et al., 2014; 
Hogan et al., 2014; Smith and Kwak, 2014). Two Indo-Pacific gobies, Awaous acritosus 
(Huey et al., 2014) and A. stamineus (Hogan et al., 2014), and a Hawaiian goby, A. banana 
(Smith and Kwak, 2014), exhibit both amphidromous and non-diadromous fluvial life-
histories in sympatry demonstrating partial migration. Further, over half of the life-
histories in the populations of A. acritosus and A. stamineus are completed in freshwater 
fluvial environments (Hogan et al., 2014; Huey et al., 2014). One species, A. stamineus, 
utilizes ADM (Kido and Heacock, 1992); this species and A. guamensis have been 
considered synonyms but have recently been separated, thus ADM may be present in one 
or both of these species (Lindstrom et al., 2012).    
The genus Rhinogobius is represented by 50-70 species, with an Indo-Pacific 
distribution including Japan, and it is unclear how many are amphidromous (Keith and 
Lord, 2011). Phylogenies of Rhinogobius outside of Japan (Yamasaki et al., 2015) are not 




(Kawanabi et al., 2001). Ecological plasticity is present in at least five Rhinogobius species 
(Tsunagawa and Arai, 2008; Tsunagawa and Arai, 2009; Tsunagawa et al., 2010; 
Tsunagawa and Arai, 2011; Kondo et al., 2013). Japanese taxa, Rhinogobius sp. CB 
(crossband), R. sp. LD (large dark) (Tsunagawa and Arai, 2008), R. sp. BI (Bonin Island) 
(Tsunagawa and Arai, 2009) and R. sp. DA (Brunneas) (Kano et al., 2014), exhibit both 
amphidromous and landlocked life-histories. Similarly, R. sp. OR (orange) exhibits 
amphidromous, landlocked, and fluvial life-histories (Kawanabi, 2001; Ohara et al., 2009; 
Tsunagawa et al., 2010). In contrast, the larvae of one species (R. sp. CO; cobalt) are 
brackish water dependent (Tsunagawa and Arai, 2008).  Adult forms of one species, R. sp. 
BI, utilize estuarine, marine, and freshwater habitats showing plasticity even in adult 
stages, and may include ADM for spawning (Tsunagawa and Arai, 2009). 
The genera Stenogobius (26 species), Schismatogobius (10 species) and Redigobius 
(26 species) have an Indo-Pacific distribution (Keith and Lord, 2011), and have been 
included here as many of these species are newly described (Keith and Marquet, 2006; 
Larson, 2010). Relatively few life-history studies have been conducted on these genera 
(Shen et al., 1998; Shiao et al., 2015) meaning assessment of the extent of life-history 
plasticity is difficult. Due the relative abundance of life-history plasticity in other 
Gobionellinae species (Tsunagawa and Arai, 2009; Kano et al., 2014), plasticity most 
likely occurs in these genera as well. To date, no ADM has been recorded.  
5.3.3.2 Subfamily Sicydiinae 
The sub-family Sicydiinae occupies a wide distribution across the Indo-Pacific and 
Caribbean regions, with members also occurring in Central America and Western Africa 
(Keith and Lord, 2011). This sub-family contains 121 species (Froese and Pauly, 2015) of 
which all are likely amphidromous (Keith and Lord, 2011; Froese and Pauly, 2015), thus 
evolutionary plasticity within the sub-family does not appear to be present. This lack of 
plasticity may be attributed to a high dependence on the marine environment to initiate and 
sustain larval development (Iida et al., 2010; Ellien et al., 2011).  
The genus Lentipes contains 12 species (all amphidromous) with an Indo-Pacific 




elevation populations of a Hawaiian species, Lentipes concolor, retain amphidromous life-
histories despite the opportunity to utilize lacustrine systems for larval rearing during the 
downstream larval migration (Radtke and Kinzie, 1996). These results suggest that a 
marine larval stage may be obligate in this species. Further, there is no evidence to suggest 
ADM occurs in Lentipes.  
The genus Sicyopterus comprises 30 species, all amphidromous, ranging from the 
western Indian Ocean to islands across the eastern Pacific Ocean (Keith and Lord, 2011). 
Ecological plasticity may be present in two species; S. sarasini and S. lagocephalus which 
may exhibit either estuarine or amphidromous life-histories (Lord et al., 2011). Freshwater 
ecological plasticity is not likely in these species as larvae of S. japonicus and S. 
lagocephalus begin development after exposure to higher salinities (Valade et al., 2009; 
Iida et al., 2010; Ellien et al., 2011). Further, there is no evidence of landlocking or fluvial 
life-histories in four well studied species, S. lagocephelus, S. aiensis, S. sarasini (Lord et 
al., 2011), and S. japonicus (Shen et al., 1998; Shen and Tzeng, 2008). ADM is known to 
occur in S. lagocephelus, S. aiensis, and S. sarasini (Lord et al., 2011).  
The genus Sicyopus contains 15 species, distributed across the Indo-Pacific and 
Africa, with all species likely amphidromous (Froese and Pauly, 2015). New Sicyopus 
species are regularly described, thus information about the general ecology of these species 
is lacking (Keith et al., 2011; Keith et al., 2014b). Ecological plasticity is unlikely given 
that other Sicydiinae do not exhibit extensive plasticity (Lord et al., 2011; Tabouret et al., 
2011); no records of non-amphidromous populations or ADM have been recorded.  
The genus Sicydium contains 16 species, likely all amphidromous, distributed 
intermittently across the Americas and Africa (Froese and Pauly, 2015). Ecological 
plasticity is unlikely in this genus as Sicydium punctatum exhibits an amphidromous life-
history and no other life-histories have been described, although few studies have been 
conducted (Tabouret et al., 2011). ADM prior to spawning has been suggested (Tabouret et 




5.3.4 Family Eleotridae (partially reviewed in Nordlie, 2012) 
Eleotridae (sleeper gobies) contains 172 species, in three subfamilies, occupying a 
circumglobal distribution in tropical waters with some temperate species (Eschmeyer, 
2015). Evolutionary plasticity is present, although the exact numbers are unclear; there are 
marine, freshwater, amphidromous, and catadromous species (Nordlie, 2012; Froese and 
Pauly, 2015). Amphidromous representatives are found in New Zealand (McDowall, 
1990), Australia, North and South America (see Nordlie, 2012), and the Caribbean 
(Nordlie, 2012; Smith and Kwak, 2014). Ecological plasticity is present in over 10 species; 
American sleeper gobies Dormitor maculatus, D. latifrons, Eleotris amblyopsis, E. picta, 
Erotelis smaragdus, and Gobiomorus maculatus have populations exhibiting freshwater, 
amphidromous and estuarine life-histories (Nordlie, 2012). Another species, Gobiomorus 
dormitor exhibits freshwater resident, amphidromous, and catadromous life-histories 
(Nordlie, 2012; Smith and Kwak, 2014). Guavina guavina and Dormitor maculatus have 
been found to exhibit amphidromous, estuarine, and at times, marine life-histories 
(Nordlie, 2012). New Zealand’s Gobiomorphus cotidianus readily forms land-locked 
populations throughout New Zealand (McDowall, 1990; Taylor et al., 2000; Closs et al., 
2003), even where access to marine habitat is present (Closs et al., 2003). There is also 
evidence of limited occurrences of land-locking in G. huttoni (Hicks, 2012). Estuarine 
environments are utilized by G. gobiodes, however life-history information for this species 
is lacking (Jellyman et al., 2000). Many eleotrids, including Dormitor maculatus, Eleotris 
amblyopsis, E. picta, Guavina guavina, and Gobiomorus dormitor likely exhibit ADM 
(Nordlie, 2012). In two New Zealand eleotrids, Gobiomorphus cotidianus and 
Gobiomorphus hubbsi ADM has been suggested but is not documented to date (Jarvis and 
Closs, 2015).  
5.3.5 Family Plecoglossidae 
Plecoglossidae contains one species, Plecoglossus altiveli, and is present in Japan 
(Eschmeyer, 2015). Given this is a monotypic family, evolutionary plasticity cannot be 
assessed (Froese and Pauly, 2015), however ecological plasticity occurs as P. altiveli 




and Tachihara, 2011). Lake and amphidromous forms exhibit morphological and genetic 
differences (Takeshima et al., 2009). ADM is known to occur (Tsukamoto and Uchida, 
1992). 
5.3.6 Family Retropinnidae 
 Retropinnidae contains six species in two subfamilies, Prototroctinae (Southern 
Grayling) and Retropinninae (Southern Smelt), both of which are confined to Australia, 
New Zealand and Tasmania (Froese and Pauly, 2015). Prototroctinae contains two species, 
including the Australian grayling (Prototroctes maraena) and the recently extinct New 
Zealand grayling (P. oxyrhynchus), while Retropinninae contains four species Retropinna 
retropinna, R. semoni, R. tasmanica, and Stokellia anisodon (Eschmeyer, 2015). 
Evolutionary plasticity does not appear to be present in this family (Froese and Pauly, 
2015); all 6 species are amphidromous (McDowall, 1990; Hughes et al., 2014). Ecological 
plasticity is present in at least two species (Ward et al., 1989; Hughes et al., 2014); the 
New Zealand smelt (Ward et al., 1989) and Australian smelt (Crook et al., 2008; Hughes et 
al., 2014) both utilize amphidromous, landlocked, and fluvial life-histories. Further, 
Australian smelt populations have been found to have diadromous and non-diadromous 
populations in sympatry (Crook et al., 2008) though phylogenies may not be completely 
resolved (Hammer et al., 2007). In contrast, Australian grayling, and likely New Zealand 
grayling, exhibit amphidromous life-histories which appear to be obligate (McDowall, 
1990; Crook et al., 2006; McDowall, 2007). Australian smelt and grayling are both known 
to utilize ADM prior to spawning (Koster et al., 2013).  
5.3.7 Family Cheimarrichthyidae  
Cheimarrichthyidae has one representative, New Zealand’s torrentfish 
(Cheimarrichthys fosteri) (McDowall, 2000). Being monotypic, I cannot evaluate 
evolutionary plasticity in Cheimarrichthyidae, although the family is considered to have a 
marine ancestry (Froese and Pauly, 2015). Ecological plasticity is not known; torrentfish 
have not been observed to form landlocked, freshwater or marine populations suggesting 




migration occurs, particularly by female torrentfish, requiring a return ADM to lower river 
reaches to join males and spawn (Scrimgeour and Eldon, 1989).  
5.3.8 Family Kuhliidae (reviewed in Feutry et al., 2013) 
Kuhliidae (flagtails) contains 12 species (Eschmeyer, 2015) distributed throughout 
the Indo-Pacific (McDowall, 1992; Feutry et al., 2013). The phylogeny of the Kuhliids is 
well resolved, and evolutionary variation in life-history (Froese and Pauly, 2015) is 
present, with three to six fully marine species, three marine amphidromous species, and six 
marine amphidromous or catadromous species (Feutry et al., 2013). Considerable 
ecological plasticity is also present in seven species. Both marine amphidromous and 
oceanadromous life-histories are used by Kuhlia caudavittata, K. petiti, K. mugil, 
K.xenura, and K. munda (Feutry et al., 2013). Amphidromy or catadromy and marine 
amphidromy may be used by K. malo (Feutry et al., 2011), K. sauvagnii (Feutry et al., 
2012), K. rupestris, and K. munda (Feutry et al., 2012); the spawning locations of these 
species are not known, thus some may also be freshwater amphidromous and they do 
utilize ADM prior to spawning (Feutry et al., 2013). 
5.3.9 Others 
 In addition to the major amphidromous (and catadromous) families above, other 
families including Clupeidae (Guelinckx et al., 2006), Mugilidae (Brehmer et al., 2011), 
Pleuronectidae (Morais et al., 2011), and Percichthyidae (Walsh et al., 2012; Miles et al., 
2014) have diadromous members with life-histories resembling amphidromy or catadromy. 
More research is needed to understand life-history and plasticity in these groups. Life-
history plasticity does appear to be common in Clupeidae, where two species (Sprattus 
sprattus, Clupea harangus) make rapid movements in and out of saltwater (Guelinckx et 
al., 2006), and Percichthyidae where two species are generally classified as catadromous 
(Macquaria novemaculeata and M. colonorum), but may also form freshwater resident 




5.3.10 Summary of Taxonomic Review 
It appears that most amphidromous families exhibit both evolutionary (6 of 8 non-
monophyletic families) and ecological plasticity (9 of 10 including monophyletic families) 
(Goto and Arai, 2003; Crook et al., 2008; Tsunagawa and Arai, 2008; Nordlie, 2012; 
Feutry et al., 2013; Hogan et al., 2014). The monotypic Cheimarrichthyidae and the 
speciose gobiid subfamily Sicydiinae are the only groups which do not consistently exhibit 
a variety of life-history strategies.  Further, 48 species considered in this review (63 species 
considered in total) exhibit intra-specific plasticity with 31 of these species being capable 
of freshwater non-diadromous life-histories, and 24 species being capable of estuarine or 
ocean locked life-histories. Pre-spawning ADM is utilized by 38 species (see Table 5.1), 
and is present to a varying extent in all families reviewed. 
5.4 Discussion 
My review indicates that both evolutionary (intra-family), ecological (intra-
specific) life-history plasticity, and ADM are widespread among amphidromous fishes 
(McDowall, 1990; Goto and Arai, 2003; Crook et al., 2008; Nordlie, 2012; Hogan et al., 
2014). Across the multiple families reviewed, a continuum of freshwater fluvial, 
amphidromous, catadromous and marine life-histories exists (see also Patzner et al., 2011; 
Nordlie, 2012; Goto et al., 2015). In the context of diadromy, there are multiple examples 
of plastic diadromous migrations within species, and the evolution of wholly freshwater 
species from amphidromous ancestors (Closs et al., 2013; Goto et al., 2015). Similar 
patterns of life-history plasticity have been found in anadromous and catadromous fishes, 
suggesting that crossing the marine-freshwater interface may not be crucial to development 
of many species (Tsukamoto et al., 1998; Daverat et al., 2006; Dodson et al., 2013; Miller, 
2016). However, while access to a saline larval habitat may not be critical in many 
amphidromous fishes, a relatively small pelagic larvae is a consistent and defining feature 
of most species of amphidromous (and catadromous) fishes (Lord et al., 2011; Nordlie, 




5.4.1 A benthic-pelagic migration 
The (near) ubiquity of the pelagic larval phase suggests amphidromous and 
catadromous life-histories are perhaps best viewed as expressions of benthic-pelagic 
migrations between a (mostly) fluvial adult habitat and a larval marine or lacustrine pelagic 
habitat (Closs et al., 2013; Closs and Warburton, 2016). Benthic-pelagic migrations are 
widespread in both freshwater (Humphries and Lake, 2000; McCullough et al., 2015; 
Froese and Pauly, 2015) and marine fishes (Swearer et al., 1999; Levin, 2006; Froese and 
Pauly, 2015) although they often occur over distances of a few meters rather than the 
extended, but ecologically comparable migrations of amphidromous fishes. The only 
significant exceptions to this pattern among amphidromous fishes are a few species of 
gobiids, eleotrids and cottids which have larvae that can also rear in the lower reaches of 
rivers (see Table 5.1; Nordlie, 2012; Smith and Kwak, 2014; Goto et al., 2015) – whether 
these larvae are benthic or utilizing pelagic microhabitats for rearing (a common larval 
rearing behaviour in many riverine fish; King et al., 2013; McCullough et al., 2015) is 
unclear. The spatially extended benthic-pelagic migrations of amphidromous fish allow for 
the maintenance of high fecundity through an egg-size/fecundity tradeoff, generating a 
competitive fecundity advantage over non-migratory species that must produce larger, 
more robust, offspring that can survive in fluvial habitats (Closs et al., 2013; Goto et al., 
2015). Extensive larval dispersal can, and undoubtedly does, occur in amphidromous 
fishes, however local retention of larvae and philopatric population processes, as indicated 
in an increasing number of studies, suggests limited larval dispersal may frequently occur 
(Sorensen and Hobson, 2005; Hughes et al., 2014; Shiao et al., 2015) and likely create 
positive feedback loops favoring the dominance of amphidromous (and also catadromous) 
species upstream of suitable pelagic larval rearing habitats (Closs et al., 2013; Closs and 
Warburton, 2016). However, a significant cost to this life-history is the fragility of their 
small pelagic larvae that lack resistance to starvation and other adverse physical and 
chemical conditions that might be encountered during their downstream migration to their 




5.4.2 Larval migration, landscape and the amphidromy-catadromy continuum 
Migration from the benthic adult habitats to the pelagic larval rearing habitat 
represents a significant challenge for the larvae of amphidromous fish; the larvae of some 
species are amongst the smallest larvae of any fish, many with limited ability to orientate 
or swim extensive distances (Keith, 2003; Closs et al., 2013; Jarvis and Closs, 2015). 
Overcoming the challenges of the downstream larval migration, particularly where 
potential barriers to migration occur, may provide an explanation for the occurrence of 
ADM in various amphidromous species, and an obvious link with catadromy. The small, 
high gradient island/coastal streams, most typically occupied by amphidromous fishes (Joy 
and Death, 2004; McDowall, 2007), can provide rapid, largely passive, larval transport to 
the sea, with few if any barriers, particularly during periods of high discharge (Goto et al., 
2015). However, some amphidromous species occupy larger rivers and migrate long 
distances upstream (e.g. New Zealand torrentfish or Japanese Ayu; Scrimgeour and Eldon, 
1989; Tsukamoto and Uchida, 1992), or occupy slow flowing rivers with complex 
estuarine environments (e.g. Galaxias maculatus; McDowall, 1990). In these species, the 
adult habitat would appear to be upstream of potentially significant barriers to rapid 
downstream larval transport, thus slowing larvae migration and increasing the risk of larval 
starvation or injury (Goto, 1986; Iguchi and Mizuno, 1999). ADM may be the mechanism 
which allows these fish to overcome such barriers to larval migration – in such cases, it is 
the adults that undertake most of the downstream migration thus minimizing the distance 
that larvae must travel to reach their pelagic rearing habitat (Goto, 1986). 
This reasoning suggests amphidromy and catadromy are best viewed as a 
continuum of benthic-pelagic migrations writ large across the hydrological landscape 
(Figure 5.1). In a few families not subject to physiological constraints (e.g. cottids, 
eleotrids and gobiids), a broad continuum of life-histories may be expressed, from wholly 
freshwater lifecycles, through amphidromous, ADM amphidromous, and on to 
catadromous, marine amphidromy, and even oceanadromous (Figure 5.2). However, other 
families are constrained to a limited range of life-history options for reasons that are not 
always clear. In the case of the galaxiids, physiological constraints on reproduction appear 




torrentfish (Cheimarichthyidae) and the many gobiid species in the sub-family Sicydiinae 
have never been observed to form landlocked or fluvial populations (see Table 5.1); it is 
possible that a saline pelagic environment is an obligate requirement for larval 
development in these families (Iida et al., 2010). In contrast, kuhlids are primarily marine 
fish, with only limited penetration into freshwater; most species are either wholly marine, 
marine amphidromous, or at most catadromous with adults only occupying the lower 
reaches of rivers (Feutry et al., 2013), suggesting phylogenetic constraints may limit the 
range of habitats adults can occupy in this family. This continuum may also be seen on an 
intraspecific level where individual species may exhibit a variety of life-histories as an 
adaptive response to ecological opportunities. For instance, the variety of life-histories seen 
in species such as Awaous banana (Smith and Kwak, 2014), Retropinna semoni (Hughes et 
al., 2014), Gobiomorus dormitor (Nordlie, 2012) and others (see Table 5.1) may be a 
response to ecological opportunities such as stable productive lowland rivers resulting in 
fluvial populations or highly productive coastlines. Undoubtedly, some complex 
hydrological systems may allow multiple sympatric life-histories to coexist, and hence 











Figure 5.1: Conceptual diagram showing the possible influence of landscape on life-history 
strategies utilizing pelagic rearing environments. Amphidromy requires steep gradients and 
close proximity to the pelagic environment (lake or ocean). Low gradients and/or distance 
inland can be overcome through the use of adult downstream migration (ADM) or shifting 
to a large egg-size and using a fluvial life-history. Slow flowing low gradient rivers and/or 
gamete salinity requirement can result in catadromous, marine amphidromous, or 
oceanadromous life-histories where eggs are laid in the pelagic environment. 
 
 
Figure 5.2: Conceptual life-history continuum, arranged by spawning environment linking 
fluvial, adult downstream migration (ADM) amphidromy, amphidromy, catadromy, marine 
amphidromy, and oceanadromy. Amphidromous life-histories may be diadromous (S), 
landlocked (F), or both (S,F). Dotted lines represent possible constraints such as the loss of 
a pelagic larval rearing environment or switching the salinity of spawning environments. 
Families are placed on the continuum to show which strategies are utilized. Many families 
appear to utilize one side of the continuum while Cottidae, Eleotridae, Clupeidae, and 





Advances in our understanding of the taxonomy, phylogeny and ecology of the 
various families of fish that exhibit amphidromous and catadromous life-histories has 
increased significantly over the past 10 years (Closs et al., 2013). Of particular significance 
have been the advances in our understanding of the taxonomy of cottids, and gobiids on the 
islands across the Indo-Pacific region (e.g. Keith and Lord, 2011; Goto et al., 2015), and 
the use of otolith microchemistry that has played a major role in revealing the degree of 
life-history plasticity in these species (Closs and Warburton, 2016). Collectively, this 
rapidly accumulating body of new information is at the stage where a new synthesis of our 
understanding of the ecological role of migration in these fish can be proposed. My review 
indicates that varying degrees of life-history plasticity are widespread and have played a 
key role in the evolution, distribution and abundance of the various families of fish that 
exhibit amphidromous and catadromous life-histories. Further, a continuum of life-
histories from wholly freshwater to catadromy occurs between and within families, and in 
many cases within species (Table 5.1), indicating strong ecological drivers for the varied, 
and adaptive, expression of these life-histories. In proposing that amphidromy and 
catadromy serve the same primary ecological function, i.e. benthic-pelagic migrations writ 
large across the hydrological landscape, I am also arguing that the distribution of the 
various life-history patterns, and hence the species that exhibit them, will be associated 
with certain types of landscapes (Figure 5.1; see also Closs et al., 2013). Such testable 
hypotheses can direct and drive future research into the complex distributions and life-





6 General Conclusion and Discussion 
6.1 General findings 
Using a variety of approaches, this thesis has investigated population structuring and 
early life-history of a facultatively amphidromous fish. Larvae were retained in river 
plumes, and thus lakes, potentially resisting dispersal through behaviour generating the 
potential for colonization and both short and long term population structuring. Egg and 
larval size of landlocked populations were smaller than that of diadromous populations 
showing evidence of early life-history adjustment in landlocked systems. The larvae of 
both diadromous and landlocked populations retained the same behavioural tropisms, 
orienting into current and towards light, indicating the behavioural mechanisms that can 
potentially retain larvae within river plumes when conditions are favorable. A review of 
amphidromous fish shows both landlocking and radiation of non-migratory species flocks 
from amphidromous ancestors are widespread, suggesting that the mechanisms and 
patterns described here are common among amphidromous fishes. 
In Chapter Two, varying levels of population structuring were detected across 
differing spatial and temporal scales, with evidence of short term within-lake meta-
population structuring leading to long term genetic structuring between lakes. Plume 
residence of larvae suggests a behavioural mechanism by which larvae resist dispersal, and 
also likely leads to retention within lakes. Nonetheless, some larval dispersal is likely in 
such a system, resulting in longer scale genetic mixing. The population isolation seen in 
landlocked populations leads to genetic divergence from the amphidromous populations, 
suggesting the potential for local adaptation of life-history traits to optimize fitness. 
In Chapter Three, egg-size and spawning time were investigated to determine if 
landlocked populations have altered life-history strategies when compared to diadromous 
populations. Diadromous populations were found to spawn during a relatively short 
temporal window in late March, whereas landlocked populations spawn over a more 




and distributed non-migratory species (Jones et al., 2016). Egg-size of landlocked 
individuals was also smaller than diadromous individuals, and thus individual fecundity 
was higher in landlocked populations. These results suggest early life-history has been 
adjusted to align larval provisioning with optimal conditions in landlocked populations, 
while spawning time shifts suggest a potential isolating mechanism contributing to the 
genetic structuring seen in Chapter Two. 
In Chapter Four, larval size and behaviour of diadromous and landlocked populations 
was compared to assess ecological implications of egg-size differences. Large-egg 
diadromous larvae were found to be both morphologically larger and stronger swimmers 
compared to those of landlocked populations, presumably reflecting the demands of a 
marine rearing environment. However, behaviour of both landlocked and diadromous 
larvae was similar, with larvae from both populations orienting into water currents and 
light, suggesting a behavioural mechanism for retention within their natal stream system.  
In Chapter Five, life-history plasticity of amphidromous fish was reviewed to 
determine the prevalence of landlocking and the patterns of dispersal and migration. The 
results of this review suggest that amphidromy is best viewed as an obligate benthic-
pelagic migration, with a pelagic larval phase being the common element across a 
continuum of migratory life-history strategies. When placed in the context of landscape, 
variation in the forms of amphidromy grade into catadromy, with patterns of migration 
being driven by the need to place fragile larvae in a pelagic environment. 
6.2 Larval plume residence and migration 
 Larval plume residence as described here provides a key mechanism explaining 
many patterns found here and previously in amphidromous fishes (McDowall, 2007; 
Hughes et al., 2014; Hogan et al., 2014; Smith and Kwak, 2014). Variable levels of 
population connectivity have been shown to occur among and within species of 
amphidromous fishes across all temporal scales, from long term isolation despite close 
proximity (Hughes et al., 2014) to seemingly panmictic populations (McDowall, 2003; 




2014; Smith and Kwak, 2014). Plume retention of larvae through behaviour such as 
rheotaxis (Chapter 3) is likely to generate an inherently leaky system that does not retain 
all larvae, allowing context-specific degrees of population connectivity. The ability to 
remain in plumes is likely to vary among species, and river plumes will vary in their 
retention capacity, both spatially and temporally, potentially resulting in the variable 
patterns of source-sink dynamics found among amphidromous fishes (McDowall, 2010). 
Retentive plumes will require current, flow and food conditions which allow larvae to 
survive and grow to the juvenile stage. Not all plumes are likely to show these 
characteristics and as a result, survival and retention is likely to vary among species and 
spatially across landscapes as well as temporally in response to disturbance events such as 
floods and storms.  
 Population structuring found in Chapter Two also has key management 
implications. As a result of retention through plume residence, management decisions 
should be made on catchment or regional scales, and extirpated populations may require 
reintroduction rather than relying upon natural recolonization. Further, landlocked 
populations should be managed separately from diadromous stocks and other landlocked 
systems. From a larval perspective, maintenance of tributary connections to the pelagic 
environment is key for two reasons: ensuring larvae reach the pelagic rearing environment 
and maintaining current cues used by larvae to maintain position in river plumes. If rivers 
run dry during the downstream drift period, larvae will not reach the pelagic environment 
resulting in recruitment failure. Similarly, if tributary connection ceases while larvae are in 
the pelagic environment, orientation cues may be lost leading to potential recruitment 
failure.  
6.3 Landlocking: the role of plume retention and large larvae 
Plume residence and early life-history adjustments provide crucial mechanisms for 
population establishment in novel environments, and subsequent adaptation. If an 
amphidromous fish invades a novel environment, larval size must be either correctly 




altered to allow survival and successful recruitment (Einum and Fleming, 2004). Once 
larvae survive, plume retention results in offspring returning to the same catchment and 
establishes population continuity; if larvae dispersed, the majority of offspring would not 
return to the same catchment making colonization seemingly more difficult. After 
successfully establishing, plume retention provides a positive feedback mechanism for life-
history to be optimized to local conditions (Stearns, 1992). Populations of larvae which are 
not correctly provisioned would be unable to colonize the system and thus exhibit more 
limited distributions (Einum and Fleming, 2004). As a result, amphidromous fishes with 
broad distributions and landlocked populations may show traits similar to G. brevipinnis 
where local processes dominate on short-term timescales and early life-history can be 
altered to align with rearing conditions of both freshwater and saltwater rearing 
environments.  
After successful colonization of landlocked catchments, the early life-history of 
amphidromous fish will need to be altered to optimize fitness (Stearns, 1992). The lakes 
studied here appear to favour higher fecundity and smaller egg-sizes suggesting rearing 
conditions of lakes are relatively benign relative to those of the marine environment (see 
Closs et al., 2013). Egg-size fecundity tradeoffs could be altered through either short term 
feedback processes such as phenotypic plasticity based on maternal experience, or typically 
longer term processes such as natural selection. Presumably short term mechanisms would 
be favored when shifting from smaller to larger offspring size, as small larvae would be 
unlikely to survive without alteration. In contrast, large to small transitions could occur 
through short term phenotypic, long term genotypic or a combination of both processes as 
large larvae would be able to survive the relatively benign conditions with no alteration 
when no small larvae competitors with a fecundity advantage are present. Lake and 
diadromous populations studied here share minimal connectivity (Chapter 2), and are 
shifting from large to small larvae (Chapter 3). Thus, the mechanism responsible could be 
short term individual based phenotypic plasticity, long term natural selection or a 
combination of both (Pigliucci et al., 2006; Crispo, 2007).  
 Larval size differences between diadromous and landlocked stocks provide 




populations are smaller than diadromous stocks and thus are unlikely to survive in the 
marine rearing environment (see Einum and Fleming, 2004). As a result, if diadromous 
populations are extirpated, reintroductions must be made from other diadromous stocks, 
not landlocked stocks. However, diadromous populations can readily colonize landlocked 
environments, potentially out competing nearby non-migratory species due to the 
overwhelming fecundity advantage granted by an amphidromous life-history (Closs et al., 
2013; Jones et al, 2017). As a result, the distribution of non-migratory species must be 
considered when a man-made pelagic environment (pond, lake, or reservoir) is added to the 
landscape.  
6.4 Benthic-pelagic larvae continuum 
 The alteration of early life-history in landlocked populations and the patterns of 
early life-history among amphidromous fishes emphasizes the commonality of a continuum 
among small bodied, egg laying fishes with minimal parental care such as many cyprinids, 
gobiids, cottids and others. While early life-history characteristics vary among fishes, 
larvae tend to fall along a continuum with two end points: small obligate pelagic rearing 
larvae and large benthic rearing larvae (Augspurger et al., 2017). Pelagic larvae are smaller 
and less developed but can be produced in large numbers allowing higbehaviouralh 
fecundities (Winemiller and Rose, 1992; Winemiller and Rose, 1993). Higher fecundities 
come at a cost, as the requirement for a suitable rearing environment restricts distributions 
to areas that are in relatively close proximity to pelagic habitats. As environments become 
harsher and pose more difficult rearing challenges (e.g. less food, larger food, and 
increased metabolic demands), larval size and development at hatch must increase, at the 
cost of reduced fecundity, eventually reaching a point where larvae must be capable of 
feeding upon larger fluvial food sources (Chambers and Trippel, 1997; Jones and Closs, 
2016; Jones et al., 2016).  
Phylogenetic constraints limit plasticity of larval size and thus, expression of the full 
continuum from obligate pelagic rearing larvae to fully benthic larvae is unlikely to occur 




Behavioural strategies, such as migration, allow the larval stage to be moved to a more 
suitable environment, such as that seen in amphidromous fishes. However, as distance 
from the pelagic rearing environment increases, larval provisioning must also increase 
eventually reaching a size prohibited by phylogenetic constraints or where the fecundity 
advantage is lost, resulting in non-migratory, benthic larvae, life-histories being favored. 
The resulting non-migratory species complexes can show egg-size gradients related to 
landscape and productivity, as seen in the galaxiids (Jones et al., 2016), cottids (Goto et al., 
2015), and gobiids (Yamasaki et al., 2015), where egg-size is smallest near pelagic 
environments and increases from lowland streams to high altitude environments (Jones and 
Closs, 2016; Jones et al., 2016; Jones et al., 2017).  
6.5 Divergence of alternative life-histories 
This benthic-pelagic larval continuum plays a key role in elucidating radiation of 
non-migratory populations from landlocked populations of amphidromous fishes. Larval 
traits of G. brevipinnis provide a key case study on interactions between ecology, evolution 
and geology, and how radiation of non-migratory species may occur. A complex of non-
migratory species is thought to have diverged from a landlocked population of an 
amphidromous ancestor similar to G. brevipinnis, and radiated in association with geologic 
processes such as river capture (Craw et al., 2016). These species have a fully fluvial life-
history and form a continuum from smaller egg lowland species to larger egg highland 
species. Adults show similar adult ecology (fluvial, benthic) to G. brevipinnis (Jones and 
Closs, 2016; Jones et al., 2016), but the smaller pelagic rearing larvae of G. brevipinnis 
likely prevent a fully fluvial life-history. However, in Chapter 4, larval size and traits of 
diadromous G. brevipinnis were found to resemble those of lowland species in the G. 
vulgaris complex. This suggests diadromous populations of G. brevipinnis are nearly or 
even fully capable of fluvial rearing, however, no G. brevipinnis populations have been 
found to exhibit a fully fluvial lifecycles. When considered in the context found in 
Chapters 2, 3 and 4 where landlocked populations are diverging and exhibit different early 
life-history traits, potential exists for context dependent divergence of non-migratory life-




drifting out of lake, or geologic events such as river capture or lakes drying (Craw et al., 
2016) life-history may be adapted allowing fully fluvial life-histories (Burridge et al., 
2012; Craw et al., 2016). These fluvial life-histories, if isolated, could lead to life-history 
spin-offs (Stearns, 1992; Olden and Kennard, 2010) and species radiation such as seen in 
the G. vulgaris complex (Burridge et al., 2012; Craw et al., 2016).  
The benthic-pelagic larval continuum also provides insight into why many species do 
not form landlocked populations and instead use life-histories approaching catadromy. 
Species which form landlocked populations and radiate into fluvial rearing non-migratory 
species have larval size plasticity (Chapter 3; Goto and Arai, 2003) and often have larger 
larvae than species in the same family which tend toward adult downstream migration 
amphidromy and catadromy. Species tending toward ADM amphidromy and catadromy, 
such as Sicydiinae gobies (Iida et al., 2009), produce larvae which are often very small, 
under developed and have minimal provisioning. As a result, when landscapes do not 
favour rapid downstream drift (e.g. low gradient), these adults may migrate as close as 
possible to the pelagic environment before spawning, thus minimizing the distance larvae 
must drift to pelagic habitat and requiring less larval provisioning enabling higher 
fecundity (Augspurger et al., 2017).  
As species which exhibit downstream migration prior to spawning ensure that larvae 
enter a pelagic habitat, mechanisms allowing further shifts towards higher fecundity and 
smaller eggs may be developed. For instance, the larvae of some species in sub-family 
Sicydiinae do not begin development until entering saltwater environments (Valade et al., 
2009). By using salinity to cue larval development, these species ensure larvae use the 
minimum amount of energy until larvae have reached a pelagic habitat. Similarly, Galaxias 
maculatus spawns near the salt wedge and utilizes tides to cue spawning and hatch which 
would seemingly ensure larvae are rapidly swept out to a pelagic environment (McDowall, 
1990). By using these cues, the optimum amount of larval provisioning is lessened 
allowing higher maternal fecundities. However, by using these marine specific cues to shift 
towards high fecundity and small larvae, likelihood of forming landlocked populations may 
be highly restricted, as seen in G. maculatus (Barringa et al., 2012) or even impossible as 




6.6 Indo-pacific biogeography and life-history 
 If the benthic-pelagic larvae continuum, patterns in life-history alteration and 
species radiation are connected to landscape, it may be possible to predict the 
biogeographic distribution of life-history strategies (Winemiller et al., 2015) on many 
Indo-Pacific Islands. Islands which have steep relief mountain sides in close proximity to 
the ocean, and thus rapid downstream larval drift (Jarvis and Closs, 2015), such as the 
Auckland Islands, are likely to have freshwater species using amphidromous life-histories 
such as Galaxias brevipinnis (McDowall, 1990). As island landscape complexity increases, 
such the presence of lakes on Tasmania or the Falkland Islands, life-histories present may 
become more variable with lakes acting as pelagic environments allowing amphidromous 
fish with the right traits, such as those highlighted in this thesis, to form fully freshwater 
populations as seen in G. brevipinnis on Tasmania and Aplochiton zebra on the Falklands 
(McDowall, 1971). If distance from sea increases, or gradients become less steep, 
increasing downstream drift times, such as in portions of Réunion Island, ADM 
amphidromy and catadromous life-histories may be utilized as seen in Sicyopterus 
lagocephalus (Lord et al., 2012). Further increases in island size, to that of Japan or New 
Zealand, result in ecological space between landlocked and diadromous populations and 
thus fluvial non-migratory species may be expected to diverge if isolated through 
ecological or geologic processes such as that seen in the Galaxiids (Burridge et al., 2012; 
Craw et al., 2016) and Cottids (Goto et al., 2015). In large continental catchments, such as 
the Murray-Darling basin in Australia, large slow flowing rivers may also act as suitable 
pelagic rearing habitats. This allows “amphidromous and catadromous” life-histories, 
though rarely recognized as such, to take place wholly in fluvial riverine environments, 
resulting in numerous potential habitats and niches for further divergence and speciation. 
When viewed as a benthic-pelagic migration as opposed to a diadromous migration, life-
history tactics identical to amphidromy and catadromy are commonly seen in fishes 
distributed through continental environments, particularly near large pelagic habitats such 
as the Great Lakes (Carreon-Martinez et al., 2015). As a result, by evaluating early life-
history characteristics and the habitats available across landscapes, it may be possible to 
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